REMARKS 



Claims 1-3 have been cancelled without prejudice. Claims 4-5 had previously 
been withdrawn. New claims 6-8 are pending in this case. 

The claimed invention is an improved ethanol production process. There are two 
basic ethanol production processes: wet milling and dry milling. The following 
flowchart (see Hohmann et al, USDA-ERS study entitled "Emerging Technologies in 
Ethanol Production" at p. 3) is illustrative of the basic steps in each of the two process. 
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Thus, in a dry milling ethanol production process ethanol is the primary product 
and a distiller's dried grain (DDG) or distiller's dried grain with solubles (DDGS) are 
principal the co-products obtained. Although not reflected in the above schematics some 
ethanol production plants also recover by distillation the carbon dioxide generated during 
the fermenting step. There have also been proposed modified ethanol product plants to 
recover lactic acid (e.g., U.S. Patent 5,503,750), zein proteins (e.g., U.S. Patent 
7,045,607), and other valuable by-products contained in the com feedstock or formed 
during the normal fermentation of the liquefied mash (e.g., U.S. Patent 5,316,782). In 
these prior art processes the approach has generally been to either to utilize a portion of 
the feedstock in a separate treatment process that may use some the ethmol produced as 
an extracting agent in the separate treatment process or that will use the by-product fi-om 
the separate treatment process as a part of the feedstock to the ethanol production 
process. Other of these prior art processes propose modifying or specially treating the 
whole stillage or fi-actions thereof to obtain the desired by-product. In the traditional wet 
milling process ethanol is again the primary product. However, in this process the whole 
com is first broken down into its various constituent parts. Each of the parts are then 
separately treated to obtain the desired by-products: com oil fi-om the germ, com gluten 
meal and com gluten feed firom the hull, fibers and germ de-oiled residue. The starch- 
containing portion of the com is then used to produce the ethanol. 

However, in neither type of ethanol production process does any of these prior art 
processes teach or suggest modification by a secondary treatment agent the liquefied 
mash during the saccharification/fermentation step to produce a modified beer that 
contains the desired product, or precursor thereof 
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It is important to understand the claimed invention differs from the prior art in 
that based on the feedstock it permits the plant operator previously unobtainable 
flexibility in selecting from a wide range of by-products what by-products can be 
recovered. Thus, if current market conditions change, and one possible by-product 
becomes more valuable than the currently produced by-products, the plant operator has 
the ability to modify the process by simply changing the secondary treatment agent with 
little or no effect on the amount of ethanol being recovered and without having to expend 
additional capital for equipment to generate the desired by-product. It has long been 
recognized (see p. 8 of attached Hohman et al study) that one of the best potential 
economic gains in ethanol production process lies in the ability to obtain high-value by- 
products from the process. Despite this long felt need and the large sum of research 
monies and manpower spent no one prior to this invention has discovered a method that 
permits the flexibility of by-product selection without the need for expensive capital 
investment and without the loss of any significant ethanol production. 

Applicants first recognized that the most desirable way to produce the desired by- 
product would be simultaneously with the saccharification or fermentation of the 
liquefied mash. This process step results in the desired by-product (or its precursor) 
being contained in the resulting beer. Thus, this step avoids the additional capital costs 
of separate process equipment found in many prior art processes that separately treat a 
portion of the feedstock to generate and recover desired by-products. In addition it 
permits the use of equipment already in place in a conventional ethanol production plant. 
Secondly, applicants discovered that this simultaneous step can be achieved without any 
significant decrease in ethanol production; i.e., applicants' process does not prevent the 
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formation of the beer. To persons of ordinary skill in ethanol production beer refers to 
the resultant fementation product containing at least 10% v/v ethanol (see the attached 
USDA studies). If ethanol production is inhibited so that this beer can not be produced, 
then the economic viability of the ethanol production plant is questionable. Applicants 
claimed invention avoids both the need for expensive new equipment, as well as does not 
prevent the formation of the beer necessary for an economically viable ethanol 
production plant. 

These unexpected benefits are achieved by the proper selection of the treatment 
agent that will be introduced directly into the fermentation vessel during the 
saccharification or fermentation step. The treatment agent must have the following 
characteristics: 

(a) the secondary treatment agent is selected from a group consisting of bacteria, 
enzymes, fungi, or combinations thereof, that can convert under the 
fermentation conditions at least a portion of the liquefied mash to a pre- 
selected non-ethanol by-product or precursors thereof; 

(b) the secondary treatment agent has the characteristics of remaining active in 
the presence of the ethanol contained in the beer being formed during the 
fermenting of the liquefied mash, 

(c) the secondary treatment agent under the fermentation conditions converts at 
least a portion of the liquefied mash during the fermenting of the liquefied 
mash into the pre-selected non-ethanol by-product or precursors thereof, and 
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(d) the activity of the secondary treatment agent does not prevent the fermentation 
of the liquefied mash to produce the beer having at least 10% ethanol by 
volume. 

Prior Art Cited in Previous Office Action 
In the June 7, 2007 Office Action it had been argued that the now cancelled 
claims 1-3 under 35 USC §102 (b) were anticipated by the Lima et al article entitled "yff- 
Cyclodextrin Production by Simultaneous Fermentation and Cyclization'' Lima 
examines the production of fi-Cyclodextrin from starch hydrolysates, such high-dextrose 
equivalent (DE) cassava starch based hydrolysates. More particularly, Lima discloses 
three primary methods for producing P-Cyclodextrin from a hydrolyzed cassava starch 
slurry. These three primary methods are: (i) treating the hydrolyzed cassava starch sliury 
only with CGTase enzyme, (ii) treating the hydrolyzed cassava starch slurry with both 
CGTase enzyme + ethanol, and (iii) treating the hydrolyzed cassava starch slurry with the 
combination of CGTase enzyme + yeast + nutrients. It is only in this latter method, 
referred to as the Simultaneous Fermentation and Cyclization Process (SFC Process), that 
both an enzyme and an yeast are used simultaneously to produce the desired p- 
Cyclodextrin. 

There are significant differences between the Lima methods and the claimed 
ethanol production process defined in claims 6-8. First, none of the three primary 
methods disclosed in Lima are an ethanol production process. This is clearly pointed 
out by Lima in Table 2 at p. 802. Using the SFC Process results in the production of no 
more than 2.18% v/v ethanol even when DE=26.06. The other methods produce even 
less ethanol. Thus, none of the methods disclosed in Lima result in the production of 
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beer (i.e., containing >10% by volume ethanol) from the hydrolyzed cassava starch. Still 
further, there is no teaching or suggestion in Lima that both P-Cyclodextrin and beer 
could be produced simultaneously in a yeast fermentation process wherein CGTase is 
added to the fermentation vessel during the fermentation process. If anything, Lima 
would appear to teach that such results would not be expected. 

Although not cited in the previous Office Actions applicants notes that there are 
prior art references that disclose the use of more than one saccharification agent or more 
than one fermenting agent. An example of such references is U.S. Patent 5,231,017 
(copy attached). Li these references the additional agent is selected for its ability to 
increase the amount of ethanol produced, and not for the formation of a pre-selected non- 
ethanol by-product that can be recovered in the resultant whole stillage. 

CONCLUSION 

Based upon the foregoing comments, the apphcation is believed to be in condition 
for allowance, and an early Notice of Allowability is respectfully requested. If the 
examiner believes a telephone conference will expedite the disposition of this matter, the 
examiner is respectfully invited to contact this attorney at the number shown below. 

Respectfully submitted: 



Dated: December 3, 2007 



William David Kiesel 
Reg. No. 28,583 

ROY, KIESEL, KEEGAN & DeNICOLA 

2355Drusilla Lane 
P.O. Box 15928 
Baton Rouge, LA 70895 
(225) 927-9908 
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• Hohmann et al, USDA-ERS study entitled "Emerging Technologies in Ethanol 
Production'' (January 1993) 

• Dien et al, USDA-ARS study entitled "The U.S. Corn Ethanol Industry: An 
Overview of Current Technology and Future Prospects'' (April 2002) 

• Rendleman et al, USDA Agricultural Economic Report No. 842 entitled "New 
Technologies in Ethanol Production'' (February 2007) 

• U.S. Department of Energy Office of Science article entitled "Genomics. GTL - 
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• U.S. Patent 5,316,782 

• U.S. Patent 5,503,750 
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The fuel ethanol industry is poised to adopt a wide, 
range of technologies that would reduce costs at 
every stage of the production process. Improved 
enzymes andfermenter designs can reduce the time 
needed to convert com to ethanol and lower capital 
costs. Membrane filtration can allow the recovery 
of high-value coproducts such as lactic acid. 
Adoption of these and other innovations in the next 
5 years is ej^ected in new ethanol plants 
constructed to cope with new demand resulting from 
Clean Air Act stipulations for cleaner burning fuel 
Biomass (agricultural residues, municipal and yard 
waste, energy crops like switchgrass) can also be 
converted to ethanol, although commercial-scale 
ventures are limited by current technology. While 
biomass requires more handling and sorting before 
conversion, those costs may be offset by the 
abundance of biomass relative to com. 

Hie use of ethanol as a fuel for vehicles in the 
United States grew from insignificance in 1977 to 
nearly 900 million gallons in 1991. The ethanol 
industry emerged through a combination of 
govOTunent incentives and new technologies, which 
enabled large-scale production of ethanol from 
domestic resources, particularly com. Growing 
consumer acceptance of ettianol-blended friels, 
incentives to gasoline blendes, and falling costs of 
production were responsible for the jump in ethanol 
production. This report examines the likelihood of 
obtaining ftulher reductions in the cost of producing 
ethanol from the introduction of new technology. 

Technological innovation in the ethanol production 
process has substantially reduced costs. A shift in 
production to larger plants and the adoption of 
eno'gy-saving innovations reduced ttie processing 
energy required to produce a gallon of ethanol from 
120,000 British thermal units (Btu) in 1981 to an 
industry average of 43,000 Btu in 1991, resulting to 
a positive net energy balance (Russo. 1991).^ (See 



endnotes at end of report) The use of improved 
yeast strains has lowered processing costs. 
Improvements in enzymes have reduced flidr cost 
by more 0ian SO percent Such innovations have 
collectively lowered total production costs from 
$1.3541.45 per gallon to 1980 to less than $1.25 
per gallon in 199Z 

The construction of new ethanol production plants 
and the adoption of new technologies at existtog 
plants is likely to lead to furlh^ cost reductions. 
We estimate that over the next 5 years the average 
cost of ethanol production in ttie industry will 
decltoe by 5-7 cents per gallon because of further 
technological innovations. Improved yeasts, which 
tolerate high concentrations of ethanol, can lowo* 
en^gy costs. A system of membranes can recycle 
enzymes and capture high-value coproducts at many 
steps in the production process. 

Longer term technologies would save approximately 
9-15 cents per gallon over present costs. Energy 
and feedstock savtogs will result from technology 
that can convert some of the nonstarch portions of 
com to ethanol. Development of microorganisms 
that speed ttie process will contribute to long-term 
savings. Development of markets for coproducts of 
ethanol production will create additional savings. 
Cost savtogs may be less for smaller plants that 
serve niche markets, or in older plants that must 
replace inefficient equipment 

Hie cost of productog ettianol will also be greatly 
influenced by outside technological advances. Farm 
technologies that raise com yields or reduce input 
costs may low^ feedstock costs for ethanol 
production, as they have in the past Refinements 
and new, higher value uses for coproducts are an 
even likelier source of new revenues and could 
reduce the cost of ethanol by as much as plant 
innovations. 



Finally, various forms of biomass-agricultural 
residues, woody or grassy energy crops, or even 
municipal waste-could supplement com as an 
inexpensive feedstock for ethanol production. 
Although the production of ethanol from biomass is 
presently constrained by technological difQculties, 
new developments in this decade may allow ethanol 
to be produced fiom biomass at or below the cost of 
corn-derived ethanol. 



The Conversioii of Corn into Ethanol 

Ethanol is produced from com by two standard 
processes: wet- and dry-milling (fig. 1).^ Wet- 
milling accounts for about 60 percent of total * 
ethanol production. Dry-milling plants cost less to 
build and produce higher yields of ethanol (2.6 
gallons p^ bushel vs. 2.5 for wet mills), but the 
value of coproducts is less. 

In each process, the com is cleaned before it enters 
the mill. In a dry mill, the milling st^ consists of 
grinding ttie com and adding water to form the 
mash. In a wet mill, milling and processing are 
more elaborate because the grain must be separated 
into its components. First, the com is steeped in a 
solution of water and sulfur dioxide for 24-48 hours 
to loosen the germ and hull fiber. The germ is then 
removed firom the kemel, and com oil, a valuable 
coproduct, is extracted from the gam. The 
remaining germ meal is added to the hulls and fibo: 
to form the com gluten feed (CGF) stream. Gluten, 
a high-protein portion of the kemel, is also 
sq>arated and becomes com gluten meal (COM), a 
high-value, high-protein (60 percent) animal feed.^ 

In wet-milling, only the starch is fermented, unlike 
dry-milling in which the entire mash is femiented. 
The starch is cooked, or liquefied, and an enzyme is 
added to hydrolyze (break into smaller chains) the 
starch. In dry-milling, the mash, still containing all 
the feed coproducts, is cooked, and an enzyme 
added. In both systems, a second enzyme is added 
to turn the starch into a simple sugar, glucose (a 
process called saccharification). Though it usually 
takes about 24 hours, saccharification in a wet mill 
may take up to 48 hours, dq)ending on the amount 
of enzyme used In modem dry mills, 
sacdiarification has been combined with the 
fermentation step in a process called simultaneous 
saccharification and fermentation (SSF). 



The next step in both processes is tiie fermentation 
of glucose into ethanol by yeast (the SSF step in 
most dry mills). The mash must be cooled to at 
least 95'' F before the yeast can be added. The yeast 
converts the glucose into ettianol, caibon dioxide, 
and small quantities of other organic compounds. 
Ihe yeast, which produces almost as much carbon 
dioxide as etiianol, ceases fomenting when tiie 
concentration of alcohol is around 12 percent by 
volume. 

Distaiation, an energy-consuming process, is tiien 
required to sq)arate the ethanol firom the alcohol- 
water solution. Ihis step consists of two parts, 
primary distillation and dehydration. Primary 
distillation yields ettianol ttiat is up tGL95 percent 
firee of water. The dehydration step is necessary to 
bring the concentration of ethanol up to 99 porcenL 
Several technological options are available for the 
dehydration step.^ A small amount of gasoline is 
added to the ettianol to denature (make unfit for 
human consumption) it before it leaves the plant 
The feed coproducts, CGF and CGM in wet-milling 
and distill^'s dried grains and solubles (DDGS) in 
dry-milling, must be concentrated in large 
evaporators, then dried. 

Costs of Production Under Present Technology 

Hie cost of producing ettianol depends on a number 
of factors including the cost of com, the value of 
coproducts, the cost of energy and enzymes, the size 
of ttie production plant, and the level of technology 
in the plant The development and adoption of new 
technology have been ttie center of a long-tam 
industry strategy to increase the efficiency of inputs, 
speed up the production process, and raise the yield 
of ettianol. Costs of ettianol production are usually 
divided into ttiree categories: feedstock, cq)ital, and 
operating costs. 

Feedstock Costs 

Feedstock cost is a measure of ttie net cost of ttie 
grain fcom which ethanol is produced. The net com 
cost is the difference between the cost of com and 
the total revenues received firom the sale of 
coproducts. Over the past 10 years, the net com 
cost has been volatile, ranging firom 10 to 67 cents 
per gallon of ettianol. This volatility is mainly due 
to the large swings in ttie price of com, but changes 
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Flgura 1 

Flowchart of wdt- and dry-milling 

Wet-milling separates grain Into its components before fermentation, 
raising costs but increasing production of high-value coproduc^. 
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Table 1-Average ethanol production costs^ 



in coproduct prices have also contributed. Av^age 
net com costs (1981-91) have been 44 cents per 
gallon of ethanol in a wet mill and 53 cents pa- 
gallon in a dry mill. Lowar net feedstock costs can 
be achieved by either lowering the costs of com or 
raising the price of coproducts. Technology to 
lowCT com feedstock costs is chiefly aimed at 
raising the value of coproducts. 

Capital Co^ 

Another component of producing ethanol is capital 
costs, which include plant modifications, 
replacement of worn equipment, and a rate of return 
on the initial investment The cost of building a 
new wet-milling plant (excluding energy generation 
fadlities) with an annual production capadty of 100 
million gallons is $200-$300 million (LeBlanc and 
others. 1988), or $2-$3 per gallon of annual 
capacity. The cost of building a dry-milUng plant is 
considerably less because the capital-mtensive steps 
of steq)ing, degerming, and deflbaing are not 
performed. The estimated CJ^)ital cost of $0.43 to 
produce a gallon of ethanol in a state-of-the-art plant 
(table 1) is based on an initial investment of $2.25 
per gallon of annual aq;>acity and a 15-percent rate 
of return to investors. 

In both dry-milling and wet-milling plants, high 
capital costs are associated with st^s wha:e the 
process slows or requires special equipmrat (fig. 2). 
For example, the steepuig stq? in wet-nulling 
requires large containing vats to ensure sufficient 
fiow to the next stage. Technological innovations 
that speed up the process or rq>lace expensive 
equipment are th^efore likely to lower capital costs. 
The total value of capital equipment in a wet-milling 
plant is higher than in a dry-milling plant The 
primary capital expenditure in a wet-milling plant, 
which accounts for the sizable cost differences, is 
recovay equipment for removing the germ, oil. and 
fiber from the com kernel. In dry-milling plants, 
nearly half of capital expenditures are for equipment 
to process coproducts. 

Operating Costs 

Opiating costs constitute the final component of 
production costs and include en^gy, enzymes, labor, 
management, taxes, and insurance. Many 
technologicid innovations have focused on reducing 
operating costs by raising the efficiency of iiq)uts. 



Cost category Cost 



DoUars/gqUon 

Feedstock^ 0.44 

Capital^ -43 

Operating -37 

Total* 1-24 

' A state-of-the-art w^-milling plant with cogaiOTtion 
of steam and electricity and energy-efficient dehydration. 
Most ethanol output (1992) is from sudi plants. 

* Net com costs are based on industry average net com 
costs, 1981-91. Coproduct credits are reported in the 
Sugar and Sweetener: Situation and Outlook Reports. 

^ Capital and operating costs are updated from LeBlanc 
and othos (1988) and verified with industry sources. 

* The estimated cost of production of ethanol is $1.08- 
$155 ver gallon (see U.S. Department of Energy and 
others, 1992). The lowest cost figure may, however, be 
difScult for producers to achieve because flie final cost 
depends on the prevailing com price, and because savings 
in one area, sudi as capital costs, may come at the 
expense of savings in another area, such as energy. 

Source: Industry contacts (see list of Individuals and 
Organizations Contacted). 

particularly euCTgy. Energy is the greatest operating 
cost, so innovations that conserve energy have been 
among the first adopted in the industry, and have 
accounted for most of the savings in the last 5 years. 
Most large ethanol plants now receive steam and 
electricity at low cost from cogen^ation facilities 
that simultaneously produce both. The industry also 
has reduced energy costs by adopting more efficient 
means of alcohol ddiydration. Lower membrane 
costs and improved technology may make 
pervaporation (the use of a semipermeable 
membrane) an economical option. However, large 
savings in energy costs are not likely because the 
present level of efficiency is close to optimal. 

The second largest operating cost is the cost of yeast 
andenzynaes. Alttiough these costs have fallen 
consid^ably to flie past few years, particularly for 
enzymes, research may further lower the cost of 
propagatmg these organisms or reduce the volume 
needed. Many plants now use computes to control 
the production processes, reducing supervision and 
lowermg labor costs. 
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FIguraa 

Capital costs for wet- and dry-mllllng plants 

Wet-milling equipment is more costly than that for dry-milling due 
to nfore extensive recovery o/ high-value cc^roducts (including 
oil and germ recovery). 





Hctaa SizBs of 1^8 charts nAmI total capital costsL 
Souca: K^19B4. 



An additional source of savings from technological^ 
innovations is improvemMt in tiie yield of ettianol. 
Potential yield improvements could come from more 
complete convasion of starch to sugar and 
fomentation of tiie sugars, more efficient recovery 
of flie ettianol, or the conversion of cunentiy 
unavailable portions of the feedstoclc As yields 
rise, each gallon of ettianol may be produced from a 
smaller amount of feedstock, witii lower capital 
investment and lowo* opo^ating expenses. 
Th^efore, even small improvements in yields create 
substantial savings in overdl costs. 

Production Cost Savings from New Technologies 

A variety of cost-saving innovations will be 
available to the ettianol industry for use in ttie next 
2-5 years. Adoption of these innovations, however, 
depends on an expanding industry ttiat invests in 
new capital equipment An estimate of the total cost 
savings of a new 1996 plant, employing a likely 
combination of ttiese innovations, over a present 
state-of-ttie-art plant is 5.4-7.3 cents per gallon of 
ettianol produced. In the longer tmn, still more 
innovations are lilcely to move from experimental 
stages to tiie plant In ttie long term (5-10 years), 
flirtti^ cost-saving technologies may save an 
additional 3 J-8.1 cents pw gallon (table 2). 

Assessment ofNear-Term Technologies 

Imiovations likely to be adopted in the near term by 
ttie ettianol industry focus on speeding the process 
time and lowering operating costs (fig. 3). The high 
estimate for eadi innovation is a technical upper 
limit to possible cost savings; ttie low estimate is 
based on industry sources (see list of Individuals 

and Organizations ContactecQ. 

Gaseous injection of sulfur dioxide and the use of 
special corn hybrids. Hie application of sulfur 
dioxide (SO^) in gaseous form and ttie use of com 
hybrids ttiat have shorter steeping times greatiy 
reduce ttie time com must spend steeping in large 
tanks. This time savings means smaller or fewer 
tanks will be needed to produce the same amount of 
ettianol. New plants ttiat adopt gaseous injection 
may save 1.3-1.7 cents pa: gallon of ^hanol in 
csq;>ital costs when refinements to flie process are 
completed. 



Special com hybrids also shorten steeping time, but 
are expected to sell at a premium to the type of com 
normally used in wet-milling. With an assumed 2- 
cent-per-bushel premium, use of special hybrids 
could save 1-1.8 cents per gallon in czpitsl costs. 
These capital cost savings are available only in a 
new wet-milling plant because oldst plants have 
already invested in steeping tanks and dry-milling 
does not involve ttie steeping stsp. 

Membrane filtration. Another source of savings in 
cjpital costs is a shortening of fermentation time, 
which allows the use of smaller fOTnenters. One 
experimental famenter design (Simms and Cheryan, 
1992) would allow water and ettianol to penetrate a 
membrane, while trapping ttie starch and yeast in ttie 
fermenter. With the yeast retained, fermentation can 
proceed continuously at a fraction of ttie 
conventional 40-50 hours. As the fermentation time 
deaeases, howevor, the concentration of the ettianol 
also decreases. Energy costs per gallon of ettianol 
rise because more energy is required to distill a 
more dilute ettianol solution. Nonettieless, witti 
efBdent distillation, continuous fermentation witti 
membranes could produce significant capital cost 
savings for a new plant in the near term. 

Membranes also are likely to be used in the 
sacdiarification stage to retain enzymes and starch, 
while allowing glucose and wato: to pass through. 
By reducing saccharification time in wet-milling to 
10-15 hours and enzyme requirements by a factor of 
10, ttiis px)cess could reduce operating costs by 1.2- 
1.5 cents p^ gallon of ettianol and achieve small 
capital cost savings in a new plant Many wet mills 
are expected to install, membrane systems in the 
sacdiarification step because of operating cost 
savings. 

The devdopment of low-cost reliable membranes 
may allow many plants to recova: high- value 
coi»:oducts and lower operating costs at many points 
in ttie production i^ocess. The energy and 
equipment needed to dry the coproducts could be 
significantiy reduced by ranning liquid components 
ttirough a microfiltration unit to absorb excess 
water, fflgh-value coproducts sudi as lactic acid 
may also be recovered and concentrated ttirough a 
system of membranes. The use of membranes gives 
plants a greater degree of control over ttie 
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Table 2*-ModeI plants of 1996 and 2001 and associated production cost savings 



Bold type below shows technologies not currently used commercially, 
but expected to be adopted during the phase indicated. 

Model plant of 1996 (near-tem technology) Model plant of 2001 Oong-tenn technology) 



Innovations 
Cogeneiation 

Steeping with gas injection of sulfur dioxide 
Membrane saccharification 
Fermentation: 

High-tolerance yeast 

Yeast immobilization 
Dehydration: 

Azeotropic distillation 

Com grits adsoiption 



Innovations 
Cogwration 

Steeping with gas injection of sulfur dioxide 
Membrane saccharification 
Fermentation: 

High-tolerance yeast 

Yeast immobilization 

Bacterial fermentation 
Dehydration: 

Azeotrq)ic distillation 

Com grits adsoiption 

Pervaporation 
Cellulosic conversion of corn fiber 



Cost savings over present 
Feedstock^ $0,010 - $0,014 

Operating $0,025 - $0,032 

Capital^ $0,019 - $0,027 

Total $0,054 - $0,073 



Cost savings over present 
Feedstock $0,010 - $0,047 

Operating $0,027 - $0,034 

Capital $0,052 - $0,073 

Total $0,089 - $0,154 



' The high estimate for these combinations of technologies is based on the technical upper limit to 
possible cost savings from individual technologies; the low estimate incorporates more practical obstacles 
to hnplementation, and is im)bably more realistic. 

^ Savings from cojTOduct development are potentially large but speculative, so are not included. 

^ Old^ plants will be unable to take fidl advantage due to previously purchased capital equipment 



production of alcohol and allows a greater degree of 
separation among the various parts of the product 
stream. These benefits may reduce operating costs 
at many segments of ttie plant and curtail capital 
costs for plants designed to include membrane 
systems. 

Other improvements. Another method of lowolng 
opiating costs is the improvement of the fermenting 
organism. The development of yeasts that can work 
in higher ethanol concentrations (Maiorella and 
others, 1984) could lower the energy costs of 
distillmg alcohol by 0.8-1.2 cents per gallon of 
ethanol. 

One alternative fimnenter design could raise ethanol 
yields during the fermentation step. This design 



inunobilizes yeast in beads suspended in a gel. A 
continuous stream of glucose is fermented as it 
passes through the gel (Nagashima and others, 
1984), speeding the fomentation process and raising 
ethanol yields. If these yield increases are realized 
in a new plant, total cost savings will be 2.0-2.7 
cents po: gallon of ethanol. Although problems 
with sustaining yeasts while immobilized remain, 
yeast inmiobilization reactors should be available in 
the near term. 

Assessment of Long-Term Technologies 

Technologies that may be incorporated into plants in 
5-10 years include bactoial fmnentation, conversion 
of com fiber to ethanol, and coproduct development 
(fig. 3). While bacta:ial fiamentation is expected to 



Production cost savings from new technologies, near and iong term 

High estimates reflect maximum savings that can be achieved in theory. 
Low estimates reflect more lilcely pradtoal savings to realized In 
real-world applications. 
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reduce feedstock costs, its primary contribution will 
be in savings on capital equipment Conversion of 
com fiber will save on capital equipment and also 
contribute to feedstock savings. Coproduct 
development will low» net feedstock costs by 
raising the value of copioducts. 

Bacterial fermentation. A possible substitute for 
imiTOved yeast is a wholly different fermentation 
organism. The bactaium Z mobiUs, in laboratory 
testing, has quickened fermentation, raised alcohol 
yields slightly, and allowed fermentation at higher 
tempCTatures (Busche and othos, 1991). Production 
cost savings firom such pCTformance could be as 
high as 2 cents pCT gallon. Most of the reduction 
would be in capital costs because the savings from 
reduced capacity requirements pCT bushel of 
feedstock would outweigh the cost of the new 
equipment needed (Texeira and Goodman, 1991). 
Less cooling would be required, reducing energy 
costs, and some feedstock savings would result from 
greata: conv^ion efficiency. The Z mobilis 
bacteria are less stable than yeast and more sensitive 
to changes in pH and temp^ature, but these 
problems may be overcome in ttie next 5 years. 

Conversion corn fiber to ethanol. Current 
ethanol recovery is approaching the theoretical limit 
available from the starch portion of the kanel. 
Converting the hull and other fiber portions of the 
kernel into ethanol could raise ethanol yields from 
2.6 to nearly 3 gallons per bushel. At the same 
time, the quality of the feed coproduct would 
improve because, due to fiber loss, the protein 
content would be higher. Hie quantity of feed 
coproducts, however, would fall. Problems may 
also emerge in drying the coproducts without the 
fiber acting as a binder for the other components. 

Conversion of com fibCT is likely to lower feedstock 
costs and C2q?ital costs. Net com costs would be 
reduced by raising both ethanol yield and the value 
of the coproduct Capital costs are lower because of 
highCT yields, even ttiough fibo* conversion requires 
unique capital equipment and an inaease in 
distillation capacity. Total savings are expected to 
be 3-7.5 cents per gallon. 

Coproduct development. Coproduct sales are 
potentially the most profitable area of research. The 
value of ethanol is closely tied to the price of other 
energy sources, the price of the feedstock is largely 



dictated by its alternate uses, and production cost 
reductions are limited by tiie physical processes 
involved in the conversion to ethanol. Revenues 
from coproducts are not bound by ttiese restrictions. 

Some research on coproduct recovery focuses on 
using semipermeable membranes to remove small 
quantities of valuable products from the com- 
refining stream. One such coproduct is lactic add, 
produced unintentionally during fennentatioit (In 
the long run, however, it may prove more 
economical to produce lactic acid in a separate 
fermentation.) Higji-value, low-volume coproducts, 
such as citric acid or sorbitol, may be removed as 
more sophisticated membrane technology becomes 
available. 

Coproduct research also focuses on high-value uses 
of carbon dioxide, produced in quantities almost 
equal to ethanol, but cunenfly sold for less tiian 1 
cent per pound. Researchers have discovered a 
bacterium tiiat converts carbon dioxide and 
hydrogen into acetic acid (Wood, 1991). Convating 
the carbon dioxide from the production of a gallon 
of etiianol into acetic acid is estimated to cost 
around $0.75 and produce about 4.3 pounds of 
acetic add, which at current prices would sell for 
more flian $1.50. If acetic acid woe produced on a 
large scale, its price would probably fall, but fliis 
process illustrates, nonetheless, ttie potential for 
achieving sizable savings through the fiirQier 
development of coproducts. There are several otiier 
possibilities for industrial use of carbon dioxide 
(Myers, 1992). It is difficult to predict which 
coproducts will eventually emerge as most 
profitable, but in ttie long tran, savmgs from all of 
them could be as large as savings from plant 
innovations.^ 

Industry Expansion 

A great deal of additional production can be coaxed 
out of existing facilities. Howeva:, for production 
to increase suffidentiy to meet the demand for 
oxygenated (cleans burning, as stipulated by tiie 
Clean Air Act) fuels, much of ttie increase will have 
to come from newly constmcted facilities. New 
plants will be able to employ new technology more 
easily ttian older plants, improving the industry's 
overall efficiency. The oldCT plants will be limited 
to "plug-in" or modular technologies ttiat do not 
require redesigning the entire plant. 
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To take advantage of economies of scale, new wet- 
milling facilities will probably have an annual 
capacity of at least 100 million gallons. Building 
new facilities will introduce state-of-the-art 
technologies at a faster rate than they have been 
adopted in the past This acceleration will improve 
the industry's oversdl efBciency. 

Economies of scale for dry mills may begin to level 
off at about 50 million gallons of annual edacity. 
Dry mills can be built economically on a smaller 
scale and fit operations that can feed the coproduct 
to livestock without drying. Increases in other niche 
markets are also possible. Lactose from cheese 
whey, for example, has been successfully fermented 
to ethanol, solving a disposal problem and adding to 
the product line at the same time. 

The Conversion of Biomass into Ethanol 

A jump in ethanol production through the 
conversion of com kernels is likely to be 
constrained by a number of factors: the relatively 
high cost of com, which has many altemate uses; 
limited markets for coproducts such as com gluten 
feed and dried grains and solubles; and competition 
for land suitable for com cultivatioa A doubling of 
ethanol production from com would require 
^^proximately 350 million additional bushels of com 
each year, putting upward pressure on the price of 
com and doubling ttie supply of coproducts. Other 
food ax>ps considered as a feedstock for ethanol 
production, such as potatoes and sugarcane, are also 
expensive because of their high value as human 
food products. These restrictions do not apply, 
however, to the organic material called biomass, 
which is available as a byproduct of agricultural 
production and as a waste material. 

Biomass includes agricultural residues, waste 
streams from agricultural processing, municipal solid 
wastes, yard and wood wastes, and crops grown 
exi^essly for their energy content These materials 
cost much less than com and are more abundant 
Conversion of waste mataials and agricultural 
residues into ethanol could produce up to 3.8 quads 
(1 quad = 10^^ Btu) of energy each year. Crops 
grown expressly for energy content on excess 
cropland could annually produce 11.4 quads of 
energy. Tog^er, these sources of energy would 
account for half of the total annual consumption of 



euCTgy in the U.S. transportation sector (Lynd and 
others, 1991). 

Technological Barriers and Opportunities 

Technology for converthig biomass into ethanol has 
until recently been unproven and too costly for 
commercial-scale ventures. Although simple sugars 
are ultimately fermented to form ethanol from both 
com and biomass feedstocks, the sugars in biomass 
are more tightly bound in long chains, and some 
simple sugars are different from the sugars in com. 
A kernel of com is composed primarily of starch, 
whidi is readily reduced into glucose, a sugar ttiat 
can be efficiently fmnented by yeast into ethanol. 
Most biomass is composed of cellulose, 
hemicellulose, lignin, and ash. The cellulose and 
hemicellulose fractions are made up of long chains 
of six-carbon sugars (glucose) and five-carbon 
sugars. The cellulose portion ranges from 30 to 50 
percent of total weight hemicellulose from 25 to 35 
percent and lignin from 10 to 30 percent depending 
on the feedstock. Lignin cannot be convated into 
ethanol, but can serve as an en^gy source and 
combustible ftiel for the conversion of cellulose and 
hemicellulose into etiianol. 

A biomass conversion plant would differ from the 
conventional wet or dry mill first in the prehandling 
and sorting steps (fig. 4). These steps vary 
consid^ably depending on the biomass feedstock. 
For example, processing municipal solid waste 
requires a more complicated and costiy sorting 
procedure than processing agricultural residues. The 
biomass conversion process also varies from 
conventional com processing because of the need to 
break down cellulose and to f&cm&nt five-carbon 
sugars. 

After sorting, tiie feedstock material is ground in a 
mill and goes to the pretreatment stage wha*e dilute 
add is used to break down the hemicellulose into 
five-carbon sugars. The five-carbon sugars are then 
fermented separately. The cellulose is broken down, 
into glucose through enzymatic hydrolysis before 
being fermented in tiie usual way. Lignin is a 
byproduct of biomass conversion tiiat has potential 
industrial uses. Current plant desigps use lignin as a 
source of electricity and steam. 

The two technological barriers to biomass 
conversion have been the lack of an efficient 
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method for hydrolyzing (converting) cellulose into 
glucose and the lack of an effective organism for 
fermenting flve-carbon sugars. Although both com 
starch and cellulose are composed of chains of 
glucose, the complex structure of cellulose makes 
the complete separation of all the glucose molecules 
extremely difQculL Concentrated mineral adds, 
such as sulfuric acid, have been used to break the 
bonds between glucose molecules. The hydrolysis 
of cellulose through the use of acids, though rapid 
and efficient, also has significant drawbacks. Acid 
hydrolysis requires expensive containment and 
recovery systems to keep acid costs and equipment 
corrosion to a minimum. Furthermore, the highly 
reactive nature of add hydrolysis reduces some 
glucose toto usdess and possibly toxic byproducts. 

An alternative process combines a chemical 
pietreatment of cellulose with an enzymatic 
hydrolysis (fig. 4, area A). Enzymes capable of 
hydrolyang cellulose are produced in large 
quantities ftom microbial sources. The enzymes, 
which act as catalysts, operate slowly and have been 
more expensive flian adds. On tiie otiiw hand, 
glucose yields ftom enzymatic hydrolysis can 
approach 100 percent of tiie ttieoretical yield, and 
advances in genetic engineering promise to lower 
tiie cost of enzymes. When enzymatic hydrolysis is 
employed after a pretreatment st^, ttie hydrolysis 
and fermentation stages of efliahol production can be 
combined. This process, anottia: form of SSF. 
raises productivity by allowing the fermenting 
organisms to consume simple sugars such as glucose 
as soon as tiiey are separated by ttie enzymes. 
Enzymatic hydrolysis ^pears to be ttie process 
ttirough which tiie goal of cleanly and che^ly 
converting cellulose into glucose is most likely to be 
achieved. 

The remaining technical barrier to biomass 
conversion has been ttie lack of an organism to 
fament tiie five-carbon sugars tiiat result ftom ttie 
hydrolysis of hemicellulose (fig. 4, area B). Unlike 
cellulose, hemicellulose hydrolyzes easily witti a 
mild pretreatment into a variety of five-caibon 
sugars. Common strains of yeast, howeva, eitiier 
cannot foment five-caibon sugars or cannot tolerate 
high concentrations of ettianol. The inability to 
convert such a large portion of biomass into ettianol 
makes production economically infeasible. 
Advances in genetic engineering, howeva, have 
largely overcome ttiis barrio:. Genes tiiat instruct 



ottier organisms to ferment botii five- and six-carbon 
sugars have been introduced into E. coli, a 
bacterium present in tiie human digestive system. 
The resulting organism is capable of fermenting 
botii glucose and five-carbon sugars witii a high 
productivity and witii fermentation yields ttiat match 
ttiose of common yeast strains (Ingram and ottiere. 
1991). Further genetic improvements to fermenting 
organisms may reduce enzyme requirements for ttie 
hydrolysis of cellulose and raise fermentation yields. 

A number of problems for biomass conversion 
remain. Pretreatment systems must be developed 
ttiat economically allow high yields of sugar during 
hydrolysis. Also, because biomass feedstocks are 
much more diverse tiian ttiose for corn-derived 
ettianol. ttie effects of heterogeneous feedstocks 
must be closely examined Finally, it must be 
demonstrated tiiat tiie fermenting organisms are 
stable during fermentation and environmentally 
beidgn. 

Costs of Production 

The tedmology for converting biomass into ettianol 
is at a stage in which working production plants are 
being designed for near-term constinction. 
Operating and capital costs for prospective biomass 
conversion plants (table 3) are not much higher tiian 
opo-ating and cs^)ital costs for very large and 
efficient wet- and dry-milling plants. Biomass 
conversion plants arc assumed to have optimized 
production parameters based on ttie experience of 
earlier plants of similar design; costs are typical of 
fifth or tentti plants, rattier tiian of ttie first pilot 
plant No biomass conversion plant has been 
constiiicted yet, so cost estimates are speculative. 
Also, biomass provides its own energy source for 
ettianol conversion in ttie form of Ugnin, which can 
be burned in a boiler to provide steam and 
electricity, reducing costs relative to com 
conversion. Botii biomass conversion plants (table 
3) arc capable of providing all ttieir power using 
Ugnin and even generating an electricity credit if 
access to local utilities is available. Energy 
expenditures are tiie largest operating cost in wet- 
and dry-milling plants. 

Finally, biomass conversion plants will differ from 
com wet- and dry-milUng plants in tiie front end of 
tiie plant, where sugars are exti-acted from different 
feedstocks. Biomass is a relatively bulky feedstock, 
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Table 3--Cost estimates for two biomass 
conversion plants 

Cost category Plant 1 Plant 2 

(10 million (60 million 

gallons/year) gallons/year) 



Dollars per gallon 



Operating costs 




.027' 


Labor 


.087 


Fuels 


.012 




Nutrient, boiler 






chemicals, add 


.100 


.141 


Enzymes 


.115 


3 


Supplies and materials 


.035 


4 


Maintenance 


.058 


•066 


Overhead 


.035 


.072 


Tax and insurance 


.039 


.033 


Capital cost 


.390 


.484' 


Operating and 




.823 


capital costs 


.871 


(Electricity credit) 


N.A. 


-.071 


(Waste disposal cost) 


N.A. 


-.007 



N.A. = Not available. 

' Lower cost is a result of economies of scale (oonq>ared with 
plant 1). 

^ PowCT provided by lignin, produced during biomass 
conversion. 

^ Plant 2 produces enzymes for the hydrolysis of cellulose. 

* Included in the nutrient, boiler chemicals, acid category. 

^ Higher productivity due to faster rates of reaction lowers 
cost in plant 1, while enzyme^producing equipment raises cost 
in plant 2. 

Source: Costs for plant 1 are obtained from Bioenergy 
International and for plant 2 from the National Renewable 
Energy Laboratory. 

SO a convCTSion plant requires an extensive handling 
facility for processing delivered biomass into a 
usable form. Some feedstocks require more 
processing than others. Extensive sorting and 
filtaing is required to separate the fermentable 
portion of municipal solid waste from recyclable 
materials such as glass and steel. The simpler 
processing of com stovCT (dried stalks), on the othCT 
hand, resembles the dry-milling of corn, in which a 
hammer mill reduces the size of the feedstock. 
Although the bulk of biomass raises handling costs, 
the conversion of biomass into ethanol is nearly 
total and eliminates the substantial cost of drying 
and handling coproducts such as com gluten feed 
and dried grauis and solubles. Biomass conversion 



plants, howevCT, lack the flexibility of a wet-milling 
plant to produce high-fructose com symp when not 
producing ethanol. 

Although operating and capital costs for an efficient 
biomass conv^ion plant are slightly high^ than 
typical costs for com-processing plants, feedstock 
costs may be dramatically lower. Feedstock costs 
for some wastes that are expensive to dispose of, 
such as municipal solid waste and yard waste, may 
even be negative. That is, municipalities may be 
willing to pay ethanol producers to take the waste. 
The payments are called tipping fees. The primary 
cost for most wastes and residues is collection and 
storage, as well as any necessary pre-plant 
processmg. For example, one estimate of the cost 
of using com stalks for ethanol production is 20 
cents per gallon of ethanol, including a price for the 
material, the cost for removing and stacking stalks, 
and the cost of transportation (Gerber, list of 
Individuals and Organizations Contacted). Before 
low feedstock costs are likely to give an advantage 
to individual biomass convCTsion plants, however, a 
steady supply of biomass must be ensured and an 
infrastmcture must be developed for harvesting, 
storing, and transporting. 

Industry Development 

Feedstock charactaistics account for the greatest 
differences between the biomass convorsion industry 
and the com conversion industry. Because biomass 
is bulkier than com and the infrastmcture for its 
handling less well developed, biomass convasion 
plants are initially likely to be small, witti a capacity 
of 10-50 million gallons of eOianol p^ year. 
Constmction of plants that can convert municipal 
lawn and yard waste into ettianol may begin in the 
next 5 years. Com wet-milling and dry-milling 
plants may also begin to convert flie fibor portions 
of ttieir feed coproducts into ethanol, depending on 
the value of the new, higher quality coproduct 
Plants to convot municipal solid wastes and 
agricultural residues into ethanol would also emarge 
in the longCT mn. The variety of biomass 
feedstocks and small size of conv^on plants 
should involve a mder variety of participants than 
in the com ethanol industry, including local 
governments, farmer cooperatives, and small 
businesses. Marketing ethanol will be more difficult 
at ttus smaller level, but lower production costs may 
afford openings to tiiese firms. 
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Conclusions 

Technological innovations in converting corn to 
ethanol wffl lilcely lower all three components of 
production costs: feedstock, operating, and capital 
costs. In the near term, the adoption of innovations 
in new facilities win result in loww equipment 
costs, lower ingredient costs, and slight ethanol yield 
increases ov« current plants. Cost reductions of 5-7 
cents per gallon are likely in the near term (by 
1996). Olda: plants, having already invested in 
equipment, will be unable to take flill advantage of 
capital cost savings, but can still save 3.5-5 cents 
per gsdlon. 

In flie long term (by 2001), a state-of-the-art com 
conversion plant could reduce costs furttier by 
improving fomentation processes and converting a 
portion of its coproducts into ethanol through the 
conversion of com fiber. Adding these technologies 
to a new plant will increase cost savings to 9-15 
coits per gallon (7- to ll-pwcent savings over the 
cost of production to a current state-of-ti»-art plant). 
The innovations discussed in this report apply to 
most of the stq)s in the i«oduction process whae 
significant savings are posdble. Additional cost 
savings may result from incr^ratal improvanaits 
to production efBdency or unexpected 
breakthroughs, but are Ukely to be small relative to 
the projected savings, especially in the near term. 



The cost of producing ethanol will also be greatly 
influenced by technological advances other than 
innovations in the plant Farm technologies that 
raise com yields or lower input costs may loww 
feedstock costs for ethanol production. Refinements 
and new, higher value uses for coproducts are an 
even likelier source of new revenues for producers 
and could reduce the cost of ethanol by as much as 
plant innovations. 

By the turn of the century, biomass-derived ethanol 
may begin to complement ettianol derived from 
com. The convwsion of biomass into ethanol 
gready increases tiie supply and variety of 
feedstocks available for ettianol production. 
Operating and capital costs for biomass conversion 
plants are comparable to combined costs at com 
conversion plants. Feedstock costs can be distincfly 
lower. Technical barriors to economical biomass 
conversion, however, still exist and lower, cost levels 
may be achieved only after pilot plants are 
constructed and the production process is refined. 

The use of eOianol as a fuel supplements imported 
oil as a domestic renewable resource wifli some 
environmental benefits. Because of fee relatively 
high costs of production, howevor, tiie production of 
efeanol is supported by government tocentives. 
Cost reductions from tiie new tedmologies will 
move fee industry somewhat neaia comprtitivaiess 
wifeout incentives. 
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Endnotes 



1. TTie energy lequired to produce 1 gaUon of ethanol (43,000 Btu) is less than the energy contained in a gallon 
of ethanol(78,000Btu). 

2. Hybrid techniqws bat use elements of both wet- and dry-milling exist and may be used more in the future. 

3. Each bushel of com that enters the wet-milling process yields approxfanately 135 pounds of CGF. 2.65 
pounds <rf CGM, 1.55 pounds of com oU, and 2.5 gaUons of ethanol. The dry-milling process produces an 
average 17.5 pounds of distiUer's dried grains plus solubles (DDGS) and 2.6 gallons of edianol. Higher ethanol 
yields are documented in some dry mills, where DDGS yields can be as low as 16 pounds per bushel. 

4. The final dehydration can be accomplished through (1) azeotropic distiUation using benzene or another 
azeotrope, (2) a molecular sieve, (3) a com grits sieve, or (4) pervaporation, the use of a semipermeable 
membrane. 

5. A bushel of com weighing 56 pounds yields about 34 pounds of starch (Ladisch, 1987; Lawford, 1988). 
Starch converted to glucose with perfect efficiency would yield approximately 37.4 pounds of feraientable sugar 
in hydrous forai. If the sugars were then fermented with perfea efficiency and aU the water removed with no 
eflianol loss, the result would be about 2.85 gallons of fuel-grade edianol. If the fiber portion of the kernel were 
converted as well, an additicxial 0.3 gaDon might be produced. However, industry averages are less dian 2.6 
gallons of ethanol per bushel of com. 

6. Coproducts from the fermentation of five-carbon sugars, whidi are present in the hemicellulose portion of 
grasses, wood fibers, and even com huUs, afford an even wider range of recoverable coproduct possibilities 
(Tsao, Ladisch, and Bungay, 1987). Agricultural Research Service scientists estimate ttiat sa^gs of 13-18 cents 
p^ gallcm are possible dirough coproduct developm^t in the next 3-5 years. 
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International, L.C., Gainesville, FL. 

John F. GerbCT, vice presidmt, Bioenergy International, 
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Abstract 



Last year, 1.77 biUion gallons of fuel 
ethanol were produced in the U.S., 
over 90% of which was produced 
from com. Ethanol demand is expect- 
ed to more than double in the next 
several years as it is used to replace 
the fuel oxygenate, methyl tertiary- 
butyl ether (MTBE). Com is prepared 
for ethanol fermentotion by either 
wet mUling or dry grinding. Most 
newly constrocted ethanol plants use 
dry grinding because of its lower cap- 
ital costs. However, com wet millers 
have also expanded production by 
adding on to existing plants. Current 
technology allows for 2.5 (wet milled) 
to 2.7 (dry grind) gal of ethanol per 
bushel of com. An opportunity exists 
for increasing this yield by also con- 
verting the fibrous components of the 
com kemel (i.e. pericarp and germ) 
to ethanol. Fermenting these non- 
starch fractions could increase the 
yield bom a bushel of com by a max- 
imum of 10%. In this brief review, the 
economic and technical aspects of 
ethanol production will be explored 
as well as future prospects for 
increasing ethanol yield from com by 
fermenting the non-starch fractions. 

Jntroduction 

The United States produced 1.77 bil- 
lion gal of fuel ethanol (2001) and 
over 90% of it was produced from 
com. U.S. ethanol production has 
expanded dramatically since 1980 
(Fig. 1) and today utilizes over 5% of 
.1 ptViannl nroduction 



should continue to increase as indi- 
vidual Stotes phase out the use of 
methyl tertiary butyl ether (MTBE) as 
a fuel oxygenate. The California 
Energy Commission has estimated 
that production capacity is expected 
to grow to more than 4 biUion gals^ 
by 2006 (MacDonald et al, 2001). 

The growth in the use of fuel 
ethanol can be traced to environmen- 
tal legislation and Federal and State 
economic incentives. In 1990. the 
Clean Air Act amendment was passed 
which required the use of oxygenated 
fuel and reformulated gasoline to 
reduce carbon monoxide emissions. 
The list of available fuel oxygenates 



are ethanol, MTBE, and ethyl tertiary 
butyl ether (ETBE). Several Midwest 
States mandate the use of ethanol. The 
Federal government has also encour- 
aged the use of ethanol by exempting 
it from the federal gasoline excise tax. 
This tax exemption was set to expire in 
2000, but has since been renewed 
until 2006. Several Midwestern States 
also introduced further financial 
incentives for ethanol. These incen- 
tives are designed to favor smaller 
ethanol plants, such as those built by 
farmer cooperatives. Typical is 
Minnesota's Tax incentive, which gives 
20 cents per gal per year for 10 years 
for a maximum of 50 milUon gals per 
year. Many ethanol plants designed 
around this incentive have since 
expanded capacity. 

Ethanol demand is expected to 
increase dramatically over the next 
several years because of environmen- 
tal concerns associated with the use of 
MTBE. MTBE, which has leaked from 
gasoUne storage tanks, has been dis- 
covered to be a major ground water 
contaminant and more resilient to 
microbial degradation than other 
common organic water pollutants 
(Anonymous, 1999). As a result of 
these findings, California and States 
located in Eastern United States have 
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indicated interest in phasing out 
MTBE. In June 2001, the Bush 
Administration refused California's 
request for a waiver of the oxygenate 
fuel requirement, thereby, forcing the 
use of ethanol if production of MTBE 
is stopped. The annual California 
ethanol market is expected to grow by 
500 - 800 million gals (McDonald at 
aU 2001). A possible comprise has 
recently been worked out in the U.S. 
Senate. In the proposed National 
Energy Bill (ciurently in the U.S. 
Senate) the oxygenate requirement 
would be abolished and, instead, a 
renewable fuels standard established 
for promotion of ethanol (Brown, 
2002). The bill specifies a target 
ethanol production goal of 5 billion 
gals/yr by 2012 (ibid). 

Beyond its use as an oxygenate, 
te| proponents of the use of fuel ethanol 
:| cite the following benefits: reduces 
SSreUance on imported oil lowers 
greenhouse gas emissions, and pro- 
^ motes rural development. A study to 
I be published this spring (2002) by the 
iJUSDA has estimated that ethanol has 
IJ- a 34% net energy balance (Shapouri 
1^ personal communication, for an older 
I report see Shapouri et at., 1995). 
1||thanol is available as a 10% v/v (ElO) 
l^d 85% .vAr (E85; only in the 



Midwest) blend with gasoline. ElO 
and E85 lower petroleum use by 6% 
and 74% per gallon, respectively 
(Wang et aZ., 1999). ElO also reduces 
greenhouse gas emissions by 1% and 
ESS by 34% (ibid). Fmally, ethanol is 
good for rural development by supply- 
ing an important market for com and 
providing jobs at rurally located 
ethanol plants. In 1997, it was esti- 
mated that fuel ethanol increased 
farm income by 4.5 billion dollars and 
led to the creation of 195,200 jobs 
(Evans et aU 1997). 

Current ethanol production processes 

Com is processed to ethanol by either 
dry grinding or wet milling. Last year, 
for the first time, dry grinding produc- 
tion (55%) exceeded that of wet 
milling in the U.S. Growth of dry 
grind mill capacity has exceeded that 
of wet mills because dry grind miUs 
have lower capital costs. Capital costs 
for dry grind mills have been estimat- 
ed at $1.25-1.50 per gal. In recent 
times, no new wet mills have been 
built; instead prodiacers have relied on 
expanding existing facilities. 
Descriptions of the dry grinding and 
wet miUing processes follow. 



Dry grind process 



Sometimes the ethanol dry grind 
process is referred to as dry milling. 
Dry grind process, however, is the pre- 
ferred term as it avoids confusion with 
dry milUng com for production of 
com grits and flour. A schematic of a 
dry grinding process is shown in 
Rgure 2 (for detailed reviews: Jacques 
et al, 1999; Elander and Putsche, 
1996). Com is haromer nulled to pass 
through a 1/8-3/16 inch screen. If the 
grits exit the mill too coarse, not all of 
the starch becomes available for fer- 
mentation and if it is too fine, the 
residual biomass is difficult to sepa- 
rate following fermentation. 

Once ground, the com is mixed 
with water to form a mash. The pH of 
the mash is adjusted to 6.0 with 
ammonia followed by addition of 1/3 
of the alpha-amylase. Alpha amylase 
is added to begin to break down the 
starch polymer and produce soluble 



dextrins. The mash is heated to above 
1 lOX using a jet cooker The jet cook- 
er is a special tube reactor/piunp that 
uses direct steam heating to heat and 
shear the starch granules. The com 
mash is kept at the elevated tempera- 
ture for several minutes by pimaping it 
through a holding tube equipped with 
a backpressure valve. The mash flows 
from the holding tube into a flash tank 
and the temperature is allowed to fall 
to 80-90'*C. The rest of the alpha amy- 
lase is added and the mash is Hquefied 
for at least 30 minutes. Liquefaction 
greatly reduces the size of the starch 
polymer. 

The liquefied mash is placed in the 
bioreactor and cooled to 32°C. The pH 
is lowered to 4.5-5.0 using backset 
(recycled from the distillation col- 
mnn) and phosphoric acid. The fer- 
mentation stage is started by adding 
the glucoamylase and the yeast inocu- 
lum. Glucoamylase converts liquefied 
starch into glucose by breaking down 
alpha- 1,4 glucosidic linkages. Enough 
glucoamylase is added such that the 
saccharification of the starch to glu- 
cose, which occurs continually 
through the fermentation, does not 
limit the rate of ethanol production. 
In addition, either (NH4)2S04 or urea 
is added as a nitrogen soiurce for the 
grovrth of the yeast. Recently, ethanol 
dry grind mills have also begun to add 
proteases that break dovm the com 
protein to a free amino acid, which 
serve as an additional source of nitro- 
gen for the yeast. The fermentation 
lasts 48-72 hours and has a final 
ethanol concentration of 10-12% v/v. 
The pH of the beer declines during the 
fermentation to below 4 because of 
carbon dioxide formed during the 
ethanol fermentation. The decrease in 
pH is important for increasing the 
activity of glucoamylase and inhibit- 
ing the growth of contaminating bac- 
teria. 

Dry grind plants can reduce the 
£imount of glucoamylase added by sac- 
charifying the liquefied starch at 65°C 
prior to fermentation. However, 
plants have gone to SSF (simultane- 
ous saccharification and fermenta- 
tion) because it lowers the opportuni- 
ty for microbial contamination. SSF 
also lowers the initial osmotic stress 
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of the yeast by avoiding a concentrat- 
ed elucose solution. 

Upon completion, the beer is &«t 
distilled through the beer column. The 
distillate is further concentrated to 
95% v^ of ethanol. at which concen- 
tration water and ethanol form an 
azeotrope. The ethanol is brought up 
to 100% v^ concentration usmg a 
molecular sieve bed. Finally, the 
Tt^anolisdenatured^wi^theaddiuon 



some plants) COj are the only prod- 
ucts (Table 1). 

Com accounts for more than 70% 
of the cost of producing ethanol 
(McAloonetaf.. 2001). There is some 
interest by seed companies to market 
specific hybrids for ethanol dry gmd 

miUs. The authors have recently com- 
pared three hybrids and determmed 
^at the fermentation efficiency, a 
n^easureofethanolyieldperav^^^^^^ 



ethanol is denamred wiA addiuon ^ ^ ^^^^ .^e hybrids. The 

of fusel oil. higher alcohols produced .^is finding is that 

by the yeast during fermentation, and ^ ^^^^^^^ i. 

gLoUne. Denaturation is reqmred to ^tj varies with hybrid. The authors 

^.X^i^n^^ie) is recycled a. productivity, 
backset. The reminder is concen^ed 
further by evaporation and mixed 

with the residual solids fr°^ plants are larger and produce 

mentation. The mixture ^ then dmd W ^ ^ ^^^^ 

to 9% moisture in a gas-fired rota^ m y j^^q^es 

dryer. The final product is marked ^able 1 ^^^^^ 

„ Distiller Dried Grams wth et a^^ i ' ^^^^^^^nt of the com 



kernel: the endosperm, germ, ^d 
pericarp (e.g.. com «. The 
endosperm is fiirther separated mto 
starch and gluten (protein) streams. 
The gluten is marketed as gluten meal; 
a high protein (60%) animal feed used 
mamlybythepoultryindustry.com 

oil is extracted from the germ. The 
pericarp is separated as corn fiber 
The com fiber is combmed with the 
steep liquor and de-oUed germ me^ 
and sold as com g^^^en ^eed. a low 
protein (20%) animal feed. In addiUon 
to producing ethanol. most com w^ 
miUers produce other products from 
the starch using either enzymatoc or 
fermentation processes. E'^^P^f^f 
these products are dextrin, high firuc- 
tose com symp (HFCS). citnc acid, 
amino acids, and lactic acid. ^ 

The key to isolating these different 
com fractions is steeping (Fig. 3)^ln 
the steeping step, the com i^oaked in 
water and treated with SO2 (1600 
ppm) at 52°C for 20-40 hr. The <:oniJ 
^er acidified by the growth of lac- 
tic acid bacteria at later stages dunng 
the steep. Steeping swells the kernel 
and loosens the bonds between the 
protein and starch in the endosperm^ 
VbUowing steeping, the kernels ^e 
shredded in a mffl designed to dis- 
lodge the germ. The germ, which con- 
tains about 30% oU. is then separated 
based upon its lower density com- 
pared to the rest of the kernel with 
Ldrocyclones. The recovered germ is 
next processed to extract the com oil 
and the residual germ meal is blended 
into com gluten feed. 

The protein and starch are next 
separated from the fiber by p^mg 
the slurry along metal screens. While 
the fiber is retained on the screens, 
the protein and starch Pass 
through. The fiber is fiirther w^hed 
to recover additional starch final- 
ly folded into the com gluten feed. The 
protein is next separated from the 
starch based upon density usmg disc- 
nozzle centrifiiges. The recovered pro- 
tein (gluten) is sold ^ g^"*^" 
The recovered starch is fiirther 
washed to remove residual protein. 
The cleaned starch, if used for eth^ol 
or HFCS production, is enzymattcauy 
hydrolyzed to glucose using alpha 
amylase foUowed by glucoamylase. As 
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fl^fe i. Coni milling product yields and selling prices 



Co-Product 



Yield (per bushel) Selling Price (as.$) 



Com Diy Grind Ethanol Fermentation 



iCarborv Dioxide 
fettiahbi 



16.7 lb 
16 lb 
2.65 gal 



na 

82 per ton" 
1.40-1.50 pergaP 



Com Wet Milling Ethanol Fermentation 



Cart)ori Dioxide " i 

Gorrf;Gfuten .Meal ; 
CoiVrGluten Feed 
Ethanol >?>:^ sv^-. ^ 



15.8 lb 

I. 83 lb 
2.601b 

II. 21b 
2.50 gal 



na 

0.182 per lb» 
217 per ton* 
57 per ton* 
1.40-1 .50 per gai» 



1 Distiilere dried grains with'solubles 

2F^©dstiiff. Maiih!l8. 2002 (Chicago prices) 

3ChVmi^ Marfeet Reporter March 1 1 . 2002 (Midwest Prices) 



% ^r^l!^ Potential ethanol production from com fibrous fractions 



Bl6ji.^£.- CaAohydraW Starch Cellulose Xylan Availability EttianoP 
V (%wtL)8 (%wtA«t) (%^) (%wtfwt) (tonsperyr) (galperyr) 



Corn Stweit / ,1 58.4 
Ck)rnFi»st» :,v'''69.6' 
DDGS - V ' ^ ^ 46.5 



19.7 



36.4 
14.1 
22.8 



22 
32.4 
20.7 



125-200x10* 7.5-12x10' 
3.4x106 385x106 
3.0x106 133x106 



/Assumes theoretical ethanol yield ,^ u 

;aConipositional Data: Corn.Stover (Wlselogel et a/., 1996) com fiber (Grohm^n ef aA 
'?1997)r6DGS (Mir^ etal.. 200.1). Availability Data: Com Stover (Glassner et f^S9S^ 
;£rrihber (Xh-ohympus. 2000), DDGS (estimated from U.S. Renewable Fuel Association 
¥ethanoi;dala; 2W^ ' _ 
'.;»Avaiial)ility indiides ail vyret rniiled com 

'■3 • i'j'-^'':' ' y . •'• •• 
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with dry grinding, a jet cooker is used 
during the liquefaction step. Separate 
saccharification and fermentations 
steps are carried out. To aid in sac- 
charification, pullanase is added with 
the glucoamylase. The fermentation is 
often run continuously in a cascade 
scheme, which reduces the amount of 
dried yeast needed. Ammonia or urea 
as well as liquid recovered from the 
steeping are also added to the fermen- 
tation broth. Foaming is often a prob- 
wet mill fermentations, 
the com oil has been 



^i^^ because 

removed, which necessUates the addi- 
^ tion of an antifoam agent, 
p Recently, some com seed compa- 
^ nies have begun marketing hybrids as 
being superior for wet milling. 
Traditionally, com hybrids were eval- 
uated on yield and starch content. 
Eckoff et al (1993) developed a 

metVinrl frtr cimiilatmo thft WCt mill 



process in a laboratory. The results 
have shown that hybrids with similar 
starch contents can still vary in 
extractable starch contents (Zehr et 
al, 1995). The superior hybrids are 
rated for high extractable starch 
content. 

Modified milling processes 

Modified milling processes have been 
demonstrated in the laboratory that 
allow for recovery of germ and peri- 
carp fractions. By allowing the gluten 
to remain with the starch, steeping 
times can be greatiy reduced and SO2 
eliminated (Singh and Eckhoff, 1996). 
The com is soaked (31% solids load- 
ing) for 12 hr in 0.5% lactic acid at 
590c followed by milling to release 
the germ (Singh and Eckhoff, 1996). 
The germ is separated in a germ 
cyclone. Fiber is either recovered 



with tiie germ by adjusting the densi- 
ty of the slurry through die cyclone or 
after germ collection by re-adjusting 
the slurry density and passing it 
through an additional cyclone 
(Wahjudi et al 2000). Removal of the 
germ and fiber allows for collection 
of com oil and increased ethanol pro- 
ductivity (per bioreactor volume) 
because the fiber load is reduced 
from 18 to either 14 or 10% (dw/dw) 
(Taylor et al, 2001). Capital costs for 
a 31 million gal ethanol/yr using the 
Quick Fiber process are forty-mne 
million U.S. doUars. A comparable 
dry grind plant is estimated to cost 
thirty-eight million dollars (Singh et 
al, 2001). For cmde com oil selling 
at $0.55/kg, an additional $0.01 per 
litre can be realized in net additional 
income for the Quick Fiber vs. con- 
ventional dry grinding (Taylor et al, 
2001). 

LignoceUtdosic biomass conversion 



Approximately 11% of the carbohy- 
drates present in com are not in the 
form of starch. These fractions con- 
sist of cellulose and xylan present in 
the hull (i.e., pericarp) and germ 
meal, and are folded in the com 
gluten feed (wet milling) and DDGS 
(dry grinding). Removing part of tiie 
fiber from the feed co-products would 
increase their relative protein con- 
tents and, therefore, their value on a 
weight basis. These feedstocks are, 
also, convenientiy located at ethanol 
plants. The amount of ethanol that 
could be produced is significant 
(Table 2). However, DDG contains 
considerable quantities of yeast, 
which might interfere with pretreat- 
ing it for fermentation. Conversion to 
a modified dry grind mill would allow 
for collection of the fibrous fractions 
prior to starch fermentation. In addi- 
tion to the fibrous component of the 
kemel, the rest of the com plant (e.g., 
com stover) could also serve as a 
feedstock for ethanol. Com stover 
contains 58% carbohydrates (Table 2) 
and 1.0-1.5 lb of stover is produced 
per lb of harvested com (Wiselogel et 
al, 1996). Unlike DDG and com 
fiber, collecting and storing corn 
stover represents a formidable 
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making the cellulose fraction suscep- 
tible to enzymatic hydrolysis by cellu- 
lase Inhibitors are formed by subse- 
quent degradation of sugars freed 
during hydrolysis, releasing orgamc 
acid side-groups (e.g.. acetate) from 
the xylan component, and also from 
lignin break down products. 
Conditions that optimize cellulose 
recovery tend to also favor degrada- 
tion of the xylan sugars and, there- 
fore, optimal pretreatment conditions 
require a compromise. A wide variety 
of pretreatments have been mvesti- 
gated for biomass. and the best pre- 
Latment, as expected, depends upon 
the source of biomass. 

Most pretreatments are either 
chemical or a combination of chemi- 
cal and physical (for review: Hsu T A 
1996) Pretreatments described m the 
literature include: dilute acid, strong 
acid, alkaline hydrogen pero«de, 
ammonium fiber explosion (AFEX). 
steam explosion with SO2, and hot 
water. Pretreatmg with acid is capable 



challenee. However, fermenting 

Mailable com stover coidd conceiv^ ':^Z^^:^g^^oiy^^ the xylan 

ably boost ethanol P-ducUon 10 ^^^^"^P^^^i ,L hot water methods 

fold. There is a commercial corn partially 

stover coUection facility in Harlan. lA -^^^^^^^^^^ ^eans hydroly- 

(Glassner et a/. 1998). > ^^^^ completed using 

A considerable amount of research s ^^.^ ^^pl^. 

has gone mto developing processes ^ ^ ^ destructive to 

for conversion of fibrous biomass mto ^^^^^ 3ome of the other 

ethanol. A si-pUfied -he-a^^^^ pe^- g^^^ ^^^^^^^^^^ 
what such a process woidd look like is 

shown as Figure 4. The ffrst step is to ^riy^on^ ^^.^^^ ^^^^^^^ ^j^, 

prepare the biomass for fermentanon ^^^l cellulose fraction 

ly pre-treating. ^^^^-^^j:^::^ Ids to le hydrolyzed in a separate 
will not be required for treatmeni 01 

com fiber, some type of nuUmg v^l '''''^ ^ „f the cellulose fraction, 

be needed for com stover. A success y ^^^^^^ ^ ^^^^m- 

ful pretreatment step should accom^ ^ rel ^ chemically 




However, these harsh conditions lead 
to the formation of inhibitors and, so. 
(in the literature) enzymatic digestion 
has been favored. Often, the cellulase 
enzymes are added to the fermenta- 
tion broth and carried out as a sunul- 
taneous saccharification and fermen- 
ution. Carrying out hydrolysis dunng 
the fermentation lowers the amount ot 
enzyme required and circumvents the 
sensitivity of the cellulase enzymes to 
end product inhibition. Even when 
the best treatment for pre-treatmg cel- 
lulose is used, ceUulase loading is 
much higher than that needed for 
amylases. Thus, the cost of cellulases 
is considered a major technical con- 
straint to implementing biomass fer- 
mentations. 

Com fiber, com bran, and coni 
germ meal are readily hyd^oly^^^ 
with dilute acid (Asghari et at., 1996 
Dien et al. 1999, Grohmann and 
Bothast, 1997, Saha and Bothast, 
1999) Dilute sulhiric acid hydrolysis 
of com fiber at 140-160°C and pH 1.5 
_ 2 0 for 10-30 min followed by enzy- 
matic saccharification of dextram 
gave a yield of 81-87% of total carbo 
hydrates as free sugars (Grohmam 
and Bothast, 1997). Only 7 interna 
tional filter paper units of cellulas 
per g com fiber cellulose wer 
required, which is 2-7 times les 
activity than usually added to dilul 
acid pretreated cellulose (ibid). 0th. 
pretreatments used with com hb. 
(AFEX, alkaline peroxide, and h 
water), while effectively preparii 
cellulose for enzymatic treatment, . 
not completely hydrolyze the xyl 
(WeU et al.. 1998, Monimzzaman 
al 1997. Leathers and Gupta, 199 
Hydrolysis of AFEX treated cc 
fiber xylan with commercial xylan 
es only converted 25% to monos 
charides(Hespelleta/.. 1997)^0 
germ xylan was more readily dig 
ed (ibid). The relative digestibilit; 
hot water treated com fiber xylan 
not yet been reported. The AFEX 
hot water treatments are still of u: 
est because they do not generate 
sum waste, which is associated ■ 
neutralization of the dilute- 
treated biomass, and have U 
concentrations of micrc 
inhibitors. 
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Fermentation of the sugars recov- 
ered from the xylan fraction is prob- 
lematic because the traditional yeast, 
S. cerevisiae. does not ferment pen- 
toses. Naturally occurring yeast that 
do ferment ^qrlose require aeration for 
grovrth, have low productivity, are 
acutely sensitive to inhibitors - espe- 
ciaUy acetate, and have fairly low 
edianol tolerances. There are no com- 
mercially suitable naturally occurring 
bacteria or yeast for fermenting 
xylose to ethanol (Bothast et al. 
1999). Therefore, research has 
focused upon developing recombinant 
organisms to ferment pentoses to 
ethanol. Two strategies have been 
used to develop the needed biocata- 
lyst: (1) expressing genes needed for 
xylose utilization in efficient ethanol 
producing microorganims or (2) 
expressing genes needed for ethanol 
production in bacteria capable of 
using xylose and arabinose. As exam- 
ples of the first approach, 
Saccharomyces sp. (Hahn-Hagerdal et 
at.. 2001 ; Ho ef al. 1998) and multiple 
Zymomonas mobilis strains (Zhang et 
al.. 1995) have been constructed that 
fement xylose. Examples of the sec- 
ond approach are ethanologenic E. 
coli strains (Dien et al. 1999, Ingram 
etal. 1998, Ohtaetal. 1991). Several 
of these recombinant organisms have 
been used to ferment com fiber 
hydrolysate (Table 3; Bothast et al. 
1999). Of those listed in Table 3, only 
the K. oxytoca and £. coli are capable 
of fermenting arabinose. Arabinan 
represents 3-5% of the total carbohy- 
drates of com stover (Wiselogel et al., 
1996) and 16% of that for com fiber 
(Grohmann and Bothast, 1997). 

A scalable process for converting 
com fiber to ethanol has been demon- 
strated by the authors (Dien et al. 
1999) Specifically, the xylan portion 
was fermented, which left the cellu- 
lose fiber avaUable for use in animal 
feed. The com fiber was mixed with 
dUute acid (1.1 % v/v sulfuric acid) to 
form a 17% (dry wt/total wt) soUds 
loading. The mbcture was pumped 
into a reactor vessel equipped with an 
external jet siphon mixer and a steam 
jacket. The slurry entered the reactor 
through the jet siphon, which allows 



fiber was held in the tank for 15 min- 
utes at 145X. The Uquid portion was 
recovered for fermentation. The 
hydrolysate symp contained a total of 
76 g/litre of sugars, which is 95% of 
theoretical, excluding cellulose. The 
com fiber hydrolysate was next over- 
limed to remove inhibitors. This 
process consists of adjusting Ae pH to 
10 with Ca(OH)2 and treating the 
hydrolysate to 90°C for 30 minutes^ 
The hydrolysate was neutralized with 
sulfuric acid to pH 7 and the resulting 
gypsum formed removed by centrifu- 
gation. Yeast extract and tryptone 
were added as nitrogen sources. The 
hydrolysates were fermented using an 
ethanologenic E. coli strain. The fer- 
mentation was completed within 
approximately 65 hours and th^ , 
ethanol yield was 92% of theoretical. 
Residual xylose was 3.5 g/Utre. 

Even if ethanol production is 
increased to 5 biUion gallons per year 
by 2012. as being considered by the 
US. Congress, fuel ethanol would 
only displace 3.05% of the U.S. pro- 
jected automotive hiel demand. 
Increasing ethanol suppUes to greater 
production levels will eventually 
require fermenting lignocellulosic bio- 
mass (e.g. com stover). Likewise, even 
though com huUs and geim contain 
Ugnocellulose. they are also in Umited 
supply as an ethanol feedstock. 
However, fermentation of these 
fibrous material can act as a stepping 
stone towards development of other, 
more chaUenging source so biomass, 
such as com stover. 



References 

Anonymous. 1999. Achieving Clean 
Air and Clean Water: The Report of 
the Blue Ribbon Panel on Oxygenates 
in Gasolme. U.S. E.RA., EPA420-R- 
99-021. 

Anonymous. 2000. World of Com. 
National Com Growers Association. 
St. Louis. MO. 

Asghari A., Bothast R.J.. Doran 
J.B., and Ingram L.O. 1996. Ethanol 
production from hemicellulose 
hydrolysates of agricultural residues 
using genetically engineered 
Escherichia coli strain KOll. J- 
T-j„..<. Mi/>mKin1 16fl):42-47. 



Bothast, R.J., Nichols, N.N.. and 
B.S. Dien. 1999. Fermentations with 
new recombinant organisms. 
Biotechnology Progress. 15:867-875. 

Brown R. 2002. National Energy 
Bill could Trigger a Boom for Ethanol. 
Chemical Market Reporter. 261(10):1, 
Dien. B.S.. Iten, L.B.. and RJ. 
Bothast. 1997. Conversion of com 
fiber to ethanol by recombinant 
Escherichia coli strain FBR3. Joum^ 
of Industrial Microbiology and 
Biotechnology. 22:575-581. 

Dien, B.S.. Nichols. N.N.. O'Biyan, 
P.J., and R.J. Bothast. 2001. | 
Development of new ethanologenic | 
Escherichia coli strains for fermenta- | 
tion of lignocellulosic biomass. | 
Applied Biochemistry and j 
Biotechnology: 84-86:181-196. | 
■ Eckhoff, S.R., Rausch, K.D., Fox, | 
E.J., Tso. C.C., Wu X., Pan, Z., and R | 
Buriak. 1993. A laboratory wet | 
milling procedure to increase repro- | 
ducibiUty and accuracy of product i 
yields. Cereal Chemistry 70(6):723- | 

727 1 
Blander, R.T and V.L. Putsche. I 
1996. Ethanol bam com: technology | 
and economics. In: Handbook on | 
Bioethanol. Ed. C.E. Wyman. | 
Publisher: Taylor and Francis, | 
Washington D.C. 329-350. ] 
Evans, M.K. Febmary 1997. The | 
economic impact of the demand of ^ 
ethanol. Prepared for: Midwestern 
Governors' Conference. Lombard, j 
Illinois. 

Glassner. D.A., Hettenhaus, J.R-, , 
and TM. Schechinger. 1998. Com j 
Stover Collection Project. In: j 
BioEnergy •98-Expanding Bioenergy ■ 
Partnerships: Proceedings, Volume 2, ■ 
Madison, WI, pp. 1100-1110. 1998. 

Grohmann K. and R.J. Bothast. 
1997. Saccharification of com fibre by 
combined treatment with dilute sul- , 
phuric acid and enzymes. Process 
Biochem. 32:405-415. 

Hahn-Hagerdal B., Wahlbom C.E. 
Gardonyi M.. van Zyl WH., Otero 
R.R.C., Johnsson L.J. 2001. MetaboUc 
engineering of S. cerevisiae for xylose 
utilization. Adv Biochem. Eng. 
Biotechnol. 73:54-84. 

Hespell, R.B.. O'Bryan, PJ-. 
Monimzzaman M.. R-J. Bothast. 
1997. Hydrolysis by commercial 



The U,S. com ethanol industry: An ovendew of current technology and future prospects 



enzyme mixtures of AFEX-treated 
com fiber and isolated xylans. Appl 
Biochem. Biotechnol. 62:87-97. 

Ho N.W.Y., Chen Z., Brainard A.R 
1998. Genetically engineered 
Saccharomyces yeast capable of effec- 
tive cofermentation of glucose and 
xylose. Appl. Environ. Microbiol. 
1998. 64:1852-1859. 

Hsu, T.A. 1996. Pretreatment of 
biomass. In: Handbook on 
Bioethanol. Ed. C.E. Wyrman. 
Publisher: Taylor and Francis, 
Washington D.C. 179-212. 

Ingram L.O., Gomez P.F., Lai X., 
Moniruzzman M., Wood B.E., Yomano 
L.R, and York S.W. 1998. MetaboUc 
engineering of bacteria for ethanol 
production. Biotechnol. Bioeng. 58(2- 
3):204-214. 

Jacques, K., Lyons, TP., D.R. 
Kelsall. 1999. The Alcohol Textbook; A 
reference for the beverage, fuel and 
industrial alcohol industries. 3rd edi- 
tion. Nottingham University Press. 
Nottingham, U.K. 

Leathers T.D. and S.C. Gupta. 
1996. Saccharification of com fiber 
using enzymes from Auerobasidum sp. 
strain NRRL Y-2311-1. Appl. 
Biochem. Biotechnol. 59:337-347. 

Ohta K., Beall D.S., Mejia J.R, 
Shanmugam K.T., and Ingram L.O. 
1991. Genetic improvement of E. coli 
for ethanol production: Chromosomal 
integration of Z. mobilis genes encod- 
ing pyruvate decarboxylase and alco- 
hol dehydrogenase II. Appl. Environ. 
Microbiol. 57: 893-900. 

MacDonald, X, Yowell, G., and M. 
McCormack. August 2001. U.S. 
Ethanol Industry; Production 
Capacity Outlook. California Energy 
Commission. P600-01-017. 

May J.B. 1987. Wet Milling: 
Process Products. In: Com: Chemistry 
and Technology. Ed. Watson S.A. and 
r Ramstad RE. Am. Association Cereal 

Chem. St. Paul, USA. pp. 377-398. 
I McAloon A., Taylor Yee W, Ibsen 
?3|-f K., and R. Wooley 2000. Determining 
the cost of producing ethanol from 
corn starch and ligncellulosic feed- 



^^1? stocks. NREI/rP-5 80-28893. p 18. 

Miron J., Yosef E. and D. Ben- 



l^yGhedalia. 2001. Composition and in 
M vitro digestibility of monosaccharide 
ConsHtn*»ntc r»f cplprtftH hvnroduct 



feeds. J. Agric. Food Chem. 49:2322- 
2326. 

Moniruzzaman M., Dale B.D., 
Hespell R.B., and Bothast R.J. 1997. 
Enzymatic hydrolysis of high-mois- 
ture com fiber pretreated by AFEX 
and recovery and recycling of the 
enzyme complex. 67(1-2): 113-126. 

Saha B.C. and R.J. Bothast. 1999. 
Pretreatment and enzymatic saccha- 
rfication of com fiber. Appl. Biochem. 
Biotechnol. 76:65-77. 

Shapouri, H., Duffield, J.A., and 
M.S. Graboski. July 1995. Estimating 
the net energy balance of corn 
ethanol. USDA Economic Research 
Service, Office of Energy. Agricultinral 
Economic Report. No. 721. 

Singh V. and S.R. Eckhoff. 1996. 
Effect of soak time, soak temperature, 
and lactic acid on germ recovery 
parameters. Cereal Chem. 73(6):716- 
720. 

Singh v., Raush, K.D., Yang, R, 
Shapouri, H., Belyea, R.L., and M.E. 
Tumbleson. July, 2001. Modified dry 
grind ethanol process. AgriciJtural 
Engineering Department, University 
of Illinois. UILU No. 2001-7021. 

Taylor F., Mcaloon A.J., Craig J.C., 
Yang P, Wahjui J., and S.R. Eckhoff. 
2001. Fermentation and costs of fuel 
ethanol from com with quick-germ 
process. Appl Biochem. Biotechnol. 
94:41-49. 

Wahjudi J., Xu L., Wang R, Singh 
v., Buriak P, Rausch KD, McAloo A.J., 
Tumbleson ME., and S.R. Eckhoff. 
2000. Quick fiber process: Effect of 
mash temperature, dry solids, and 
residual germ on fiber yield and puri- 
ty. Cereal Chem. 77(5): 640-644. 

Wang, C, Saricks C, and D. Santi. 
January 1999. Effects of fuel ethanol 
use on fuel-cycle energy and green- 
house gas emissions. Argonne 
National Laboratory. Report 
ANL/ESD-38. 

Weil, JR, Sarikaya, A, Rau, SL, 
Goetz, J, Ladisch, CM, Brewer, M, 
Hendrickson, R, Ladisch, MR. 1998. 
Pretreatment of com fiber by pressure 
cooking in water. Appl. Biochem. 
Biotechnol. 73(1):1-17. 

Wiselogel .A., Tyson S., and 
Johnson D. 1996. Biomass Feedstock 
Resources and Composition. In: 
Handbook on Bioethanol. Ed. C.E. 



Wyman. Publisher: Taylor and 
Francis, Washington D.C. 105-1 16. 

Zehr B.E., Eckhoff S.R., Singh 
S.K., and PL. Keeling. 1995. 
Comparison of wet-milling properties 
among maize inbred lines and their 
hybrids. Cereal Chem. 72:491-497. 

Zhang M., Eddy C, Deanda K., 
Finkelstein M., and Picataggio S. 
1995. Metabolic engineering of a pen- 
tose metabolism pathway in ethanolo- 
genic Zymomonas mobilis. Science. 
267:240-243. 

La industria del etanot de maiz en los 
Estados Unidos: Una visidn global de 
la tecnologia actual y las perspectivas 
defuturo 

Resumen 

El ano pasado, se produjeron en los 
Estados Unidos, 1,77 billones de 
galones de etanol combustible, mis 
del 90% del cual proviene del maiz. Se 
estima que la demanda de etanol Ue- 
gari a mis del doble en los proximos 
anos ya que es utilizado para reem- 
plazar el combustible oxigenado: 
metil ter-butU-eter (MTBE). Para la 
fermentaci6n de etanol, el maiz se 
prepara ya sea por moUenda humeda 
o triturando a seco. La mayoria de las 
nuevas plantas de etanol utilizan 
moUenda en seco ya que las inver- 
siones de capital son mis bajas. No 
obstante, los molineros de maiz en 
humedo ban expandido la producci6n 
agregando sobre plantas existentes. 
La tecnologia actual da lugar a 2,5 
(molienda humeda) o 2,7 (molienda 
seca) galones de etanol por bushel de 
maiz. Es posible incrementar este 
rendimiento si los componentes 
fibroses del grano de mafz (por ejem- 
plo el pericarpio y germen) tambien 
son convertidos a etanol. La fer- 
mentaci6n de estas fracciones no 
amiliceas podria aumentar el 
rendimiento de un bushel de maiz en 
un miximo de 10%. En esta resefia 
breve se exploran los aspectos t6cni- 
cos y econ6micos de la producci6n de 
etanol, y tambi6n las perspectivas 
futuras para incrementar el 
rendimiento de etanol de maiz medi- 
ante la fermentaci6n de las fracciones 
no amiliceas. 
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Abstract 

Fuel ethanol production has increased steadily in the United States since the 1980s, 
when it was given impetus by the need to reduce energy dependence on foreign 
supplies. The momentum has continued as production costs have fallen, and as the 
U.S. Clean Air Act has specified a percentage of renewable fuels to be mixed with 
gasoline. The fraction of annual U.S. com production used to make ethanol rose 
from around 1 percent in 1980 to around 20 percent in 2006, and ethanol output rose 
from 175 million gallons to about 5.0 billion gallons over the same period. New 
technologies that may further increase cost savings include coproduct development, 
such as recovery of high- value food supplements, and cellulosic conversion. High oil 
prices may spur the risk-taking needed to develop cellulose-to-ethanol production. 
Developments such as dry fractionation technology, now conunercially viable, may 
alter the structure of the industry by giving the cheaper dry-grind method an edge 
over wet milling. Dry milling requires smaller plants, and local farmer cooperatives 
could flourish as a result. Though improvements in processing and technology are 
important, however, the fluctuating price of inputs such as com, the cost of energy 
alternatives, and environmental developments play larger roles in the fortunes of the 
industry. 
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Introduction 



The use of ethanol for fuel was widespread in Europe and the United States 
until the early 1900s (Illinois Com Growers* Association/Illinois Com 
Marketing Board). Because it became more expensive to produce than 
petroleum-based fuel, especially after World War n, ethanoFs potential was 
largely ignored until the Arab oil embargo of the 1970s. One response to the 
embargo was increased use of the fuel extender "gasohol " (or E-10), a 
mixture of one part ethanol made from com mixed with nine parts gasoline. 
Because gasohol was made from a renewable farm product, it was seen in 
the United States as a way to reduce energy dependence on foreign 
suppliers. 

After the oil embargo ended, the use of ethanol increased, even though the 
price of oil fell and for years stayed low. Ethanol became cheaper to make 
as its production technology advanced. Agricultural technology also 
improved, and the price of com dropped. By 1992, over I billion gallons of 
fuel ethanol were used annually in the United States, and by 2004 usage had 
risen to over 3.4 billion gallons. Many farm groups began to see ethanol as a 
way to maintain the price of com and even to revitalize the rural economy. 
This economic support for ethanol coincided with a further justification for 
its use: to promote clean air. A 10-percent ethanol mixture bums cleaner 
than gasoline alone (reducing the emission of particulate matter, carbon 
monoxide, and other toxins), giving ethanol a place in the reformulated 
gasoline (RFG) market. 

Ethanol use has also been boosted by the U.S. Clean Air Act and its various 
progressions. Originally, the Clean Air Act required wintertime use of 
oxygenated fuels in some urban areas to ensure more complete burning of 
petroleum fuels. Since ethanol contains 35 percent oxygen, this requirement 
of the act could be met by using an ethanol-containing blend. The current 
Energy Act eliminates the need for oxygenates per se in RFG. but it speci- 
fies the minimum amount of renewable fuels to be added to gasoline. 



Figure 1 

Ethanors use of U.S. corn production 

Millions of bushels 
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Source: Feed Situation and Outlook Yearbook, USDA, Economic Research Service, 
various years. 
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By 1980, fuel ethanol production had increased from a few million gallons 
in the 1970s to 175 million gallons per year. During the 1990s, production 
increased to 1.47 billion gallons, and total production for 2006 is expected 
to be about 5.0 billion gallons. Annual U.S. plant capacity is now over 4.5 
billion gallons, most of it currently in use. Demand is rising partly because a 
number of States have banned (or soon will ban) methyl tertiary-butyl ether 
(MTBE). and ethanol is taking over MTBE's role (Dien et al., April 2002). 
Ethanol provides a clean octane replacement for MTBE, The Califomia 
Energy Commission and the Califomia Department of Food and Agriculture 
now support ethanol development, and ethanol's use in California alone is 
expected to reach 1.25 billion gallons by 2012 (Ross). 

The fraction of the Nation's annual com production used to make ethanol 
rose from around 6.6 million bushels in the early 1980s (1 percent) to 
approximately 2 billion bushels in 2006 (20 percent) (fig. 1). 
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Changes Since the 1993 ERS 
Analysis of Ethanol Production 



In 1993, USDA's Economic Research Service (ERS) published Emerging 
Technologies in Ethanol Production, a report on the then-current state of 
ethanol production technology and efficiency (Hohraann and Rendleman). 
The report included a summary of production costs (table 1) and predictions 
of "near-temi" and "long-term" technological advances that many believed 
would bring down ethanol costs. 

The numbers were based on the costs of wet milhng, which was then by far 
the greatest source of output. (Milling types are explained in the next 
section.) The estimate included a capital cost component, which distin- 
guished this estimate from others done at the time. Other estimates ranged 
from $1.08 to $1.95 per gallon. 

The near-tenii technologies listed in the ERS report were as follows: 

• Gaseous injection of sulfur dioxide and the use of special com hybrids. 

• Membrane filtration, 

• Other advances, including improved yeast strains and immobilization of 
yeast in gel substrates. 

Long-term technologies (potentially available in 5 to 10 years) were as 
follows: 

• Bacterial fermentation, 

• Conversion of com fiber to ethanol (ceUulosic conversion), 

• Coproduct development. 

Though the savings from technological improvements are significant, they 
tend to be small compared with fluctuations in the net cost of com, the main 
ethanol feedstock. This is illustrated in table 2, which presents data on com 
costs and profits from the coproduct DDGS (distiller's dried grains with 
solubles) in dry-mill ethanol production from 1981-2004. Since 1981, sales 
of DDGS have recovered nearly half the cost of each bushel of com used to 
produce ethanol, peaking in 1986, when over 66 percent of the feedstock 
cost was recovered this way. In recent years, the percentage of recovery has 
fallen because increased demand for ethanol has led to an abundance of 
DDGS, lowering its price on the feed market. 

The near- and long-term technologies listed in the 1993 ERS analysis were 
predicted to save from 5 to 7 cents per gallon in the short term and from 9 



Table 1 

Ethanol wet-mill cost estimates, 1993 



Cost category 


Cost per gallon 


Feedstock 


$0.44 


Capital 


$0.43 


Operating 


$0.37 


Total 


$1.24 


Source: Hohmann and Rendleman (1993). 



3 

New Technologies in Etiianol Production, AER-842 
Office of Energy Policy and New Uses, USDA 



Table 2 

Net corn costs of dry miliing,1 981 -2004^ 



Year 


Corn 


DDGS* 


Byproduct 


Net corn 


Net corn 




value 


value 


value 


cost 


cost 




ip/uU 


$/uU 


To UUIII f^UOl 


$A)u 


$/nal efhsnol 


1981 


2.47 


1.25 


50.5 


1.22 


0.45 


1982 


2.55 


1.21 


47.5 


1.34 


0.50 


1983 


3.21 


1.47 


45.7 


1.74 


0.65 


1984 


2.63 


0.83 


31.6 


1.80 


0.67 


1985 


2.23 


0.92 


41.1 


1.31 


0.49 


1986 


1.50 


1.00 


66.4 


0.50 


0.19 


1987 


1.94 


1.16 


59.9 


0.78 


0.29 


1988 


2.54 


1.20 


47.2 


1.34 


0.50 


1989 


2.36 


1.06 


44.8 


1.30 


0.48 


1990 


2.28 


1.08 


47.3 


1.20 


0.45 


1991 


2.37 


1.04 


43.9 


1.33 


0.49 


1992 


2.07 


1.04 


50.4 


1.03 


0.38 


1993 


2.50 


1.05 


42.1 


1.45 


0.54 


1994 


2.26 


0.91 


40,1 


1.35 


0.50 


1995 


3.24 


1.29 


39.7 


1.95 


0.72 


1996 


2.71 


1.21 


44.8 


1.50 


0.55 


1997 


2.43 


0.93 


38.4 


1.50 


0.55 


1998 


1.94 


0.72 


37.2 


1.22 


0.45 


1999 


1.82 


0,68 


37.3 


1.14 


0.42 


2000 


1.85 


0.69 


37.0 


1.16 


0.43 


2001 


1.97 


0.68 


34.6 


1.29 


0.48 


2002 


2.32 


0.75 


32.3 


1.57 


0.58 


2003 


2.42 


0.98 


40.6 


1.44 


0.53 


2004 


2.06 


0.65 


31.3 


1.41 


0.52 


Average 


2.32 


0.99 


43.0 


1.33 


0.49 



^Distiller's dried grains with solubles. 

^2.7 gal. of ethanol and 17 lbs of DDGS per bushel of corn. 

Source: ERS Feedgralns Database, http:/ywww.ers.U8da.gov/db/feedgrains. 



to 15 cents by 2001. The savings have been as anticipated, but they have not 
come in the manner predicted. 

Gaseous injection of sulfur dioxide was beginning in 1993 and is a part of 
the quick-germ (QG) and quick-fiber (QF) techniques currently being devel- 
oped. There is revived interest in the use of special com hybrids high in 
starch, though their use is still not widespread. Membrane filtration and 
yeast immobilization were being used in some plants in 1993, but their use, 
contrary to expectations, has not increased. Bacterial fermentation is still not 
used commercially, nor is cellulosic conversion of com fiber. There have 
been no outstanding developments in coproducts, but the potential remains 
for their future exploitation. Most of the cost savings have been through 
plant automation and optimization of existing processes. 

The industry is still improving technologically. It is far more mature than in 
1993, and new developments appear poised to bring costs down further and 
to reduce the envii'onmental unpact of producing ethanol. In this report, we 
examine various production technologies, beginning with input improve- 
ments and then discussing process improvements, environmental technolo- 
gies, and technologies involving coproducts. Finally, we look at niche 
markets and briefly examine cellulosic conversion. 
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Ethanol's Energy Efficiency 



Improvements in ethanol's energy consumption have continued since large- 
scale commercial production began in the 1970s. The process has become 
more efficient at using the starch in the com kernel, approaching the theo- 
retical limit of about 2.85 gallons of ethanol per bushel. Energy for conver- 
sion has fallen from as high as 70,000 Btu's per gallon in the late 1970s 
(Wang, August 1999) to 40,000 Btu's or less for modem dry mills and to 
40,000-50,000 Btu's for wet mills. Modem energy-saving technology and 
process optimization account for the improvement 

In 2002, Shapouri et al. surveyed energy values and reported that fuel 
ethanol from com produced about 34 percent more energy than it took to 
produce it. That figure was based on a weighted average of a 37-percent 
increase in energy from ethanol produced in dry mills and a 30-percent 
increase from wet mills. This value was revised in 2004 by updating energy 
estimates for com production and yield, improving estimates of energy 
required to produce nitrogen feitilizer and energy estimates for seed corn, 
and using better methodologies for allocating energy for producing coprod- 
ucts. With these revisions, the energy gain is 57 percent for wet milling and 
77 percent for dry milling, yielding a new weighted average of 67 percent. 

The energy content, however, may be less important than the energy 
replaced. A gallon of edianol can save 26,575 Btu's of energy by replacing a 
gallon of gasoline because of ethanol's higher combustion efficiency 
(Leveltoh Engineering Ltd. and (S&T)2 Consulting Inc.). A gallon of 
ethanol containing 76,330 Btu's is able to replace a gallon of gasoHne 
containing about 115,000 Btu*s because ethanoFs higher octane rating (113- 
115, compared with 87) allows high-compression engines to perform as well 
with fewer Btu's. 
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Ethanol Production Processes 



Though new technology may eventually blur the distinction between them, 
ethanol is produced by one of two processes: wet milling and dry milling. 
Wet mills are more expensive to build, are more versatile in terms of the 
products they can produce, yield slightly less ethanol per bushel, and have 
more valuable coproducts. Wet milling initially accounted for most of the 
ethanol fuel production in the United States, but new construction has 
shifted to dry mills, pardy because dry mills cost less to build. In 2004, 75 
percent of ethanol production came from dry mills and only 25 percent from 
wet mills (Renewable Fuels Association). As a result, most new technolo- 
gies are being developed for dry-mill production. 

Dry-milling plants have higher yields of ethanol; a new plant can produce 
2.8 gallons per bushel, compared with about 2.7 gallons for wet mills. The 
wet mill is more versatile, though, because the starch stream, being nearly 
pure, can be converted into other products (for instance, high-fructose com 
syrup (HFCS)). Coproduct output from the wet nodll is also more valuable. 

In each process, the corn is cleaned before it enters the mill. In the dry mill, 
the milling step consists of grinding the com and adding water to form the 
mash. In the wet mill, milling and processing are more elaborate because 
the grain must be separated into its components. First, the com is steeped in 
a solution of water and sulfur dioxide (SOj) to loosen tiie germ and hull 
fiber. This 30- to 40-hour extra soaking step requires additional tanks that 
contribute to the higher construction costs. Then the germ is removed from 
the kemel, and com oil is extracted from the germ. The remaining germ 
meal is added to the hulls and fiber to form the com gluten feed (CGF) 
stream. Gluten, a high-protein portion of the kemel, is also separated and 
becomes com gluten meal (COM), a high- value, high-protein (60 percent) 
animal feed. The com oil, CGF, CGM, and other products that result from 
the production of ethanol are termed coproducts. 

Unlike in dry milling, where the entire mash is fermented, in wet milling 
only the starch is fermented. The starch is tiien cooked, or liquefied, and an 
enzyme added to hydrolyze, or segment, the long starch chains. In dry 
milling, the mash, which still contains all the feed coproducts, is cooked and 
an enzyme added. In both systems a second enzyme is added to turn the 
starch into a simple sugar, glucose, in a process called saccharification. 
Saccharification in a wet mill may take up to 48 hours, though it usually 
requires less time, depending on the amount of enzyme used. In modem dry 
mills, saccharification has been combined with the fermentation step in a 
process called simultaneous saccharification and fermentation (SSF). 

Glucose is then fermented into ethanol by yeast (the SSF step in most dry- 
milUng facilities). The mash must be cooled to at least 95° F before the 
yeast is added. The yeast converts the glucose into ethanol, carbon dioxide 
(CO2), and small quantities of other organic compounds during the fermen- 
tation process. The yeast, which produces almost as much CO2 as ethanol, 
ceases fermenting when the concentration of alcohol is between 12 and 18 
percent by volume, with the average being about 15 percent (Shapouri and 
Gallagher). An energy-consuming process, the distillation step, is required 
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to separate the ethanol from the alcohol-water solution. This two-part step 
consists of primary distillation and dehydration. Primary distillation yields 
ethanol that is up to 95-percent free of water. Dehydration brings the 
concentration of ethanol up to 99 percent. Finally, gasoline is added to the 
ethanol in a step called "denaturing " making it unfit for human consump- 
tion when it leaves the plant. 

The coproducts from wet milling are com oil and the animal feeds com 
gluten feed (CGF) and com gluten meal (CGM). Dry milling production 
leaves, in addition to ethanol, distiller's dried grains with solubles (DDGS). 
The feed coproducts must be concentrated in large evaporators and then 
dried. The CO2 may or may not be captured and sold. 
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Input Improvements: 
Higher-Ethanol-Yieiding Corn 



Efficient ethanol plants can convert 90-97 percent of the corn's starch 
content to ethanol. However, not all batches of com leave the same amount 
of starch residue. Studies of ethanol yields from different batches show 
significant variability (Dien et al, March 2002). Even though it is the starch 
that is turned into ethanol, researchers have been unable to fiind a correlation 
between starch content (or even starch extractability) and the final yield of 
ethanol (Singh and Graeber). Researchers believe some starches are in a 
more available form (Dien et al., March 2002). They do not know, however, 
what makes the starch break down easily to simple sugars and why this trait 
varies from hybrid to hybrid (Bothast, quoted in Bryan, 2002). Some 
research shows that although the ease with which the starch breaks down 
varies among hybrids, most of the variability in the breakdown is due to 
other factors (Haefele et al.). 

Seed companies like Pioneer, Monsanto, and Syngenta are working to create 
com that will boost ethanol yield. "Current work centers on identifying 
highly fermentable hybrids we already have," says a Monsanto spokesman 
(ICrohn). Pioneer reports yield increases of up to 6 percent in batches using 
what it calls HTF com (High Total Fermentables), compared with the yields 
from unselected varieties (Haefele et al.). Monsanto calls its selected vari- 
eties HFC for High Fermentable Com. 

Syngenta Seeds' Gary Wietgrefe points out several of the impediments to 
widespread adoption of HTF com (Ed Zdrojewski in BioFuels JoumaU 
2003b). To begin with, starch and ethanol yield vary by geographic region 
and from year to year, making an optimizing hybrid choice difficult. 
Further, choosing a hybrid that maximizes ethanol qualities may mean a 
tradeoff with yield and other potentially valuable qualities, such as protein 
content and even test weight (because of moisture). Testing equipment pres- 
ents its own challenges. Not all units are calibrated the same, creating 
uncertainty. The technology may be less available to fanners than to ethanol 
plants, and even if it were to become more readily available, sorting grain 
by starch availability and making marketing decisions would be problematic 
for the grower. Finally, with ethanol plants already able to convert between 
90 and 97 percent of the corn's starch, any new HTF or HFC genetics or 
technology would have to overcome the problems and significantiy improve 
the profits of the ethanol plant and the farmer. 

Higher etiianol yield leaves less DDGS for animal feed, possibly changing 
the quality as well as die quantity of the feed coproduct. A lower quantity 
might raise the protein percentage, but it could also concentrate some of the 
undesirable contents of the DDGS. Any changes, however, are expected to 
be manor. (See Haefele et al.. p. 14, on the selection of hybrids.) 

Unlike many technologies that are adopted because they show an immediate 
improvement in profit or a reduction in risk, com with a higher ethanol 
yield does not necessarily lead to additional profits for the farmer in today's 
marketing environment. Com is not graded on the basis of fermentability, 
nor is a premium offered in the wider marketplace for this trait. In order to 

8 

New Technologies in Etlmiwl Production, AER-B42 
Office of Energy Policy and New Uses. USDA 



overcome this market drawback, companies like Monsanto and Pioneer are 
developing programs to encourage the adoption of their selected hybrids. 

So far, hybrid-testing research has centered on dry-mill production, the 
lower investment technique of choice for the new cooperatively owned 
plants. The seed companies are targeting their incentive programs on dry 
mills. Monsanto's program, "Fuel Your Profits " provides the participating 
ethanol plant with high-tech equipment that profiles the genetics of 
incoming com and is calibrated to maximize ethanol yield (Rutherford). As 
an incentive, Monsanto gives rebates on E85 vehicles (those designed to run 
on 85%-ethanol fuel) and fueling stations. Pioneer has developed a whole- 
grain Near Infrared Test (NIT) to identify ethanol yield potential quickly. 
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Process Improvements 



New constxuction today is mostly of dry mills, and most new technology is 
designed for them. Major technology changes are made more efficiendy 
while a plant is being built than when they are adopted later. 

Advances in Separation Technologies 

New techniques that separate com kernel components before processing will 
blur the distinction between wet and dry milling (dry grind) by allowing the 
dry mill to recover the coproducts from the germ. Process improvements are 
also being made that will reduce the cost of wet milling, generally by short- 
ening the soaking step. Some of the separation improvements we describe 
here, though promising, are still experimental. 

Germ and Fiber Separation 

Modifications of the dry-grind facility have made the recovery of com germ 
possible in dry milling. Normally, neither com germ nor any other com 
fraction is separated out before becoming part of the mash; all components 
go through fermentation and become part of the feed coproduct, DDGS. 
Various modifications of the process have made it possible to recover fiber 
and com germ— and thus com oil— from both the endosperm and the peri- 
carp (outer covering) of the kernel. 

A technique developed at the University of Illinois called Quick Germ (QG) 
allows recovery of com oil and com germ meal from the germ, making the 
dry mill a more profitable operation (Singh and Eckhoff, 1996, 1997; Taylor 
et al, 2001; Eckhoff, 2001). Results pubUshed in 1995 and 1996 demon- 
strated that with a 3- to 6-hour soak step (as opposed to 24 to 48 hours for 
the soak step in wet milling), the com germ could be removed. Since then, 
research has explored the parameters of the process and its savings potential 
(Singh and Johnston). Another process, Quick Fiber (QF), can be used with 
QG to recover fiber from the pericarp, a source of potentially valuable food 
coproducts. Though these processes have not been used in commercial 
applications, they hold promise for reducing the net cost of the input com. 
The tanks and equipment for the additional steps would increase the plant's 
capital cost, but could increase its capacity by reducing the amount of 
nonfermentables in the mash. 

Enzymatic Dry Mining 

This process, which uses newly developed enzymes, is another method with 
the potential for cost savings. In addition to recovering the germ and fiber 
from the pericarp, it allows recovery of endosperm fiber. Savings come from 
the recovered coproducts and from reduced energy consumption — the 
process requires less heat for liquefaction and saccharification. Plant 
capacity should be enhanced as well, since there is less nonfermentable 
material in the substrate because it is removed eariier in the process. The 
amount of DDGS is smaller, but of higher quality. Ethanol concentrations in 
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the mash are also higher. Industrial- and food-grade products can be recov- 
ered from the fiber. Alternatively, the fiber can be fermented. 

Dry Fractionation 

This recent technology separates the com kernel into its components 
without the soaking step. Depending on the process — several companies 
currently offer similar technologies — the feedstock may be misted with 
water before being separated into bran, germ, and the high-starch 
endosperm portion of the kernel (BioFuels Journal, 2005 d,e). 

The advantages of dry fractionation over processes that require a soak step 
are threefold: lower costs because less energy is required for drying the feed 
coproduct, lower emissions, and greater coproduct output because the mash 
is more highly concentrated. The germ can be sold or pressed for com oil, 
and the bran also has potential for food or energy use. 

Dry fractionation is a process that has been tested and is in use in the food 
industry (Madlinger). Both new and planned ethanol plant construction 
employ the technology. Unlike some other new technologies, the dry frac- 
tionation equipment can be added to an existing dry mill. 

With all the separation techniques, there appears to be less total ethanol recov- 
ered per bushel than with conventional dry-milling techniques, probably due 
to removal of some starch with the coproducts (Singh and Johnston). Each 
technique will change the nature of the resulting distiller's grains, potentially 
raising their value due to a higher protein content; the feed coproduct fi:om the 
separation processes is purported to be higher in protein and lower in fiber 
than ordinary DDGS. However, research is needed to determine the feed value 
of this altered coproduct. PreUrainary feed trials with poultry and hogs, as yet 
unpublished, are promising (Madlinger). 

Ammoniation Process In the Wet Mill 

Researchers have also investigated a separation technique involving pretreat- 
ment with ammonia (Taylor et al, 2003). This process would facilitate 
removal of the pericarp and reduce the soak time in wet milling or the QG 
process. Anhydrous ammonia would take the place of the caustic soda solu- 
tion usually used in debranning. In laboratory research, the pericarp was 
more easily removed through anmioniation, but though the oil was not 
degraded, its quantity was reduced compared with conventional techniques. 

Continuous Membrane Reactor for Starcti Hydrolysis 

This process, still experimental, uses enzymatic saccharification of lique- 
fied com in a membrane reactor. In a continuous membrane reactor, as 
opposed to the traditional batch process, starch would be broken down and 
glucose extracted continuously. Theoretically, the yield would increase, and 
the automated continuous process would enable better control than the 
batch process. 
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Alkali Wet Milling 



In an experimental modification of the wet-milling process, corn was soaked 
briefly in sodium hydroxide (NaOH) and debranned (Eckhoff et al.). This 
process cut the costly soaking time to 1 hour. The pericarp removed in alkali 
wet milling becomes a potentially valuable part of the coproduct stream. 
Additional work is needed to develop ways of disposing of or recycling the 
NaOH before the technique can be conamercialized. 

New Ways of Fermentation 

HIgh'Gravity Fermentation 

This technique, stUl experimental, would lower water use in ethanol produc- 
tion. Potential savings would come from the reduced cost of water and 
wastewater cleanup, as well as from reduced energy use. This process would 
involve less heating and cooling per gallon of ethanol. Very-high-gravity 
fermentation accomplishes this saving in energy by using a highly concen- 
trated mash with more than 30 percent solids. Experiments have resulted in 
a 23 percent-alcohol fermentation, much higher than with the conventional 
process. Commercial production at that level is not likely in the near future 
because of difficulty in staying within the required tolerances. However, 
incremental moves toward higher concentrations open the possibility of 
lower production costs. 

Improved Yeast 

For many years, researchers have been trying to improve yeast, which is a 
highly effective converter of sugars to ethanol. The desired end product is a 
yeast that would be more heat tolerant and better able to withstand high 
alcohol concentrations, that would produce fewer undesu-able byproducts, 
and that might even be able to convert more types of sugar to ethanol. 
Developers have already made progress in some of these areas. For 
example, the ethanol tolerance of yeast is at least one-third higher today 
than in the 1970s. 

Some researchers believe a yeast tolerant of temperatures as high as 140° F 
is the ideal. If such a yeast were to be developed— something increasingly 
possible with recombinant DNA techniques— the ethanol conversion process 
would look completely different than it does today (Novozymes and BBI 
International). Another goal of industry researchers is to produce less glyc- 
erol, which is produced in response to stress and represents a loss of ethanol 
during conversion. 

Conversion of Pentose Sugars to Ethanol 

Sucrose from starch is not the only type of sugar in the com kernel. Some of 
the sugars are pentoses, or five-carbon sugars not normally utilized by 
common yeast. Any organism that could ferment pentoses to ethanol would 
be a valuable contribution to com-ethanol conversion efficiency. This 
conversion has been achieved in the laboratory using genetically modified 
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yeasts (Moniruzzaman et al.) and in bacterial fermentation using E, coli 
(Dien et ai., 1997). These processes are not in commercial use. partly 
because the engineered organisms are less hardy and less tolerant of envi- 
ronmental changes than conventional organisms. Researchers are also 
concerned about how the nutritional content of the resulting feed coproduct 
would differ from conventional DDGS and about whether the genetically 
modified organisms remaining in the feed would be acceptable in the 
commercial feed market. 

New Enzymes 

Enzymes for Liquefaction and Saccliarification 

Enzymes were first used in ethanol production in the 1950s, but they have 
recently been improved and their cost brought down through the use of 
special fermentations of microorganisms. Costs have fallen 70 percent over 
the last 25 years (Novozymes and BBI International). 

Enzymes enable chemical reactions to occur more easily, with less heat or a 
more moderate pH, and therefore more cost effectively. Their use in ethanol 
production improves liquefaction, saccharification, and fermentation. 
Enzyme use also results in reduced soak time, higher starch and gluten 
yield, better protein quality, and reduced water and energy use. USDA*s 
Agricultural Research Service (ARS) is working with enzyme manufac- 
turers to further reduce cost and improve effectiveness. 

Enzymes To Reduce Sulfur Dioxide and Steep Time 
in Wet Mining 

Part of the additional expense in wet milling as opposed to dry milhng is the 
necessity of soaking the com before separation of the germ from the kernel. 
The tanks increase capital cost, and the soak time slows the process. Soak 
time can be reduced by adding sulfur dioxide to die steep water, but 
research shows that the sulfur dioxide can be reduced or eliminated by using 
enzymes. Recently, an experimental two-stage procedure reduced soak time 
by up to 83 percent (Johnston and Singh; Singh and Johnston). In the 
saccharification step, the protease enzyme hydrolyzed the protein matrix 
around die starch granules and made it available for further breakdown. As 
witii most enzymes, cost is still an issue; however, small-scale experiments 
seeking to optimize the process have so far reduced the enzyme requirement 
severalfold. Research trials show that using a low level of sulfur dioxide 
(more than 90 percent less tiian conventional levels) greatly reduces die 
enzyme requirement. Small amounts of sulfur dioxide are still effective in 
reducing bacterial contamination, a potential problem in continuous 
processes. Though enzymes are an added expense, the procedure has the 
potential to increase plant capacity (through the time savings), reduce 
energy costs, and allow the use of otherwise unusable broken grains. 
Replacing the conventional liquefaction and saccharification steps with a 
single, low-temperature enzyme step has aheady been discussed in the 
section "Advances in Separation Techniques." 
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Distillation Technology 



Standard distillation techniques leave about 4-percent water in the final 
ethanol. In the early days of ethanol distillation, the basic production design 
came from the beverage alcohol industry, where there is no need to remove 
all the water (Swain). Fuel ethanol, however, must be almost pure or dry, so 
ethanol producers began dehydrating their ethanol using a technique called 
azeotropic distillation. This technique requires use of an ingredient, usually 
benzene or cyclohexane, to break the azeotrope— the point after which 
distillation becomes ineffective. The adoption of molecular sieves allows the 
modem plant to use less power, reduce original capital outlay, and eliminate 
potential exposure of workers to dangerous chemicals. 

Molecular sieves use materials with microscopic pore sizes large enough to 
allow a molecule of one size to get through while blocking another. For 
example, in ethanol dehydration the molecular sieves have a pore diameter 
that allows a water molecule to enter and be trapped but keeps out the larger 
ethanol molecule. Since the late 1980s, vapor-phase molecular sieves have 
been the industry standard, improving on the liquid-phase sieves by 
reducing the required size (Novozyraes and BBI International). 

Control Systems 

The 1993 prediction of cost reductions in ethanol production (Hohmann and 
Rendleman) overlooked the incremental changes in efficiency that were 
taking place due simply to increased control of fermentation and other 
processes. Distributed control systems were already being used, but with the 
evolution of technology, especially computing capabilities, these systems 
have continued to reduce costs while optimizing the production process. 

Distributed control systems are used in industrial and other engineering 
applications to monitor and control a process remotely. Human operators 
manage equipment distributed throughout the plant (or other application). 
Examples, besides ethanol plants, include power distribution systems, traffic 
signals, water management systems, and biorefineries. Instruments to 
measure and control, usually digital, are wired ultimately to computers, 
allowing a human-to-raachine interface. 

Merging the distributed control system with computer programs allows 
timely monitoring of processes, and even allows prediction. Reports can be 
compiled from stored data, and alarms can be set to alert operators if estab- 
lished parameters are breached. 

Distributed control systems have cut costs in ethanol plants mainly by 
reducing the labor required, but they have also improved production effi- 
ciency in other ways, letting operators fine-tune processes they could not 
control as closely in the past. Better process control also reduces downtime 
and maintenance. 
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Environmental Technologies 



In addition to reducing the amount of energy required for production, 
modem ethanol plants give off fewer odors and emissions than ever before. 
Technological advances hold promise for converting more of the feed 
coproducts into ethanol, for reducing components of DDGS that might harm 
the environment, and for utilizing waste streams from the process. 

As noted, modem ethanol production uses less energy as techniques and 
technologies improve. Both wet and dry millers are using less fuel and elec- 
tricity per gallon produced, and farmers are producing corn more efficiently. 
All these savings are an environmental plus for ethanol. 

Ethanol plant emissions are a second area of improvement. In 2002, 
Minnesota producers signed an agreement widi the Environmental Protec- 
tion Agency (EPA) to reduce emissions coming from their plants. That 
agreement has become an industry standard. Since then, ethanol producers 
in several States have agreed to install thermal oxidizers or other technolo- 
gies that eliminate nearly all volatile organic compounds (VOCs) and other 
pollutants, adding equipment that averages more than $2 million per plant. 
The EPA estimates that the agreement will eliminate more than 63,000 tons 
of pollution annually. 

Though pollutants, like particulate matter and even VOCs, can originate 
from fermentation and from other parts of the plant such as grain-handling 
areas, most of the attention has been focused on dryer stacks. Thermal 
oxidizers are now standard equipment in most new ethanol facilities. They 
convert carbon- and hydrogen-bearing compounds into CO2 and water 
through high-temperature oxidization. Besides eliminating odors and visible 
emissions, thermal oxidizers can eliminate over 99 percent of oxides of 
nitrogen and other hazardous air pollutants, as well as certain particulates. 

Wastewater emission problems have been largely solved by the development 
of anaerobic digester systems. Majumdar et al. report using membrane tech- 
nology to recover VOCs such as hexane from process air emissions, giving 
membranes a role in environmental remediation. 

New techniques may make processing itself more environmentally friendly. 
For example, a corn-steeping process being developed by scientists from ARS 
and the University of Illinois uses enzymes and reduces the need for sulfites. 

Another discovery — one that may hold the most promise for the future — ^is 
the conversion of low-value and waste stream products into valuable 
coproducts, (This will be discussed in the next section, 'Technologies 
Involving Coproducts.") 

Finally, overfeeding phosphorus to animals can be an environmental 
concern because the phosphorus ends up on the land as manure. The phos- 
phorus available in DDGS is more than is needed for proper animal nutri- 
tion. If the level excreted over time is excessive, phosphorus can move into 
ground or surface water and create problems such as algae in the waterways. 
Researchers are experimenting with membrane technology that would 
remove phosphorus from the thin stillage (the liquid remaining after 
removal of the wet distiller's grains) before it becomes feed. The result is 
likely to be more efficient feed rations and reduced environmental impact. 
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Technologies Involving 
Coproducts 

In addition to animal feeds, other potential coproducts are produced along 
with the ethanol. Both wet and dry nulling create CO2 during fermentation. 
Minor components, such as glycerol, may be collected from the processing 
stream. Some research directions may alter the entire process, using 
different fennentations to produce entirely different product lines. 
Researchers are also hoping to turn much of the nonfuel product into 
ethanol, or even something more valuable than the fuel that is currently the 
primary product. Possibilities include protein and fiber that could be added 
to human foods to increase nutritional value. 

Enzymatic milling may also allow recovery of valuable coproducts. Conven- 
tional dry milling leaves as coproducts distiller's dried grains with solubles 
and, if recovered, CO2. ARS scientists from USDA's Agricultural Research 
Service are adapting the concept of enzymatic milling to the dry-mill 
ethanol process, pardy to recover additional high-value coproducts. 

The Growing Supply of Feed Coproducts 

Ethanol production does not exhaust the feed value of com; it merely uses 
up the starch portion, leaving protein, minerals, fat, and fiber to be dried and 
sold for feed. A high percentage of ethanol producers' revenue comes from 
the feed coproduct. Dry milling turns a bushel of com (56 lb) into 2.7 or 
more gallons of ethanol and leaves 17 lb of distiller's grains. Wet milling 
produces only slighUy less ethanol and coproduces around 16 lb of com 
gluten meal (CGM, 2.65 lb) and corn gluten feed (CGF. 13.5 lb), in addition 
to com oil In 2004. 73 million metric tons of DDGS, 426,400 metric tons 
of CGM, and 2.36 million metric tons of CGF were produced (Renewable 
Fuels Association). Predictions for near-term increases are as high as 10 
million tons by 2007-08, which would constitute a significant portion of all 
the cattlefeed in the United States (BioFiiels Journal, 2005c). 

Because feed coproducts and ethanol are produced in fixed proportions, 
increased demand for ethanol will result in greater output of DDGS, putting 
downward pressure on its price. Partly for this reason, research is continuing 
on alternative coproducts. 

Proving the nutritional value of DDGS for new uses will expand the market. 
Most of the DDGS produced is fed to dairy and beef cows, but it is increas- 
ingly being tested and used in swine and poultry rations. Research is 
planned on DDGS in equine diets. 

The nonuniform character of DDGS makes it difficult to establish feeding 
parameters because the product V2u*ies in consistency and nutritional value. 
Ongoing research is aimed at establishing feed values for various forms of 
DDGS, and some producers are developing proprietary DDGS brands with 
guaranteed nutritional properties. 
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Sequential Extraction 

Lawrence Johnson of Iowa State University has initiated several projects 
exploring the parameters of the sequential extraction process, or SEP (see, 
for example, Hojilla-Evangeiista and Johnson). SEP uses alcohol rather than 
water to separate kernel components in an otherwise wet-mill process. The 
researchers claim increased ethanol production (10 percent), higher quality 
protein extracts (with no SOj needed for extraction, and therefore less 
degradation of the protein portion), and the production of corn fiber gum, a 
gum arabic substitute, as a coproduct. Gum arable is used in producing soft 
diinks, candy, and phaimaceuticals. Cost remains a problem with the SEP 
process: The initial capital outiay for an SEP plant would be much higher 
than for a conventional wet mill. Extraction of proteins from the separated 
germ remains a problem as well. 

Corn Germ Recovery for tlie 
Dry-IVlill Process 

As explained in the "Process Improvements" section, both dry fractionation 
and the quick-germ technique modify the dry-mill process and make the 
recovery of com germ possible. Recovery of the germ, and thus of the oil, 
can make dry milling more profitable. The soak step in the quick-germ 
process takes less time than in wet milling, 3-6 hours as opposed to 24-48 
hours. The process has not yet been used commercially. Plants using dry 
fractionation, however, are underway. Profitability will depend on the relative 
cost of com oil and the capital costs of the additional equipment required. 

Centrifugal Corn Oil Separation 
from the Distiller's Grain Stream 

An additional technology for separating com oil from distiller's grain has 
recently become available to dry millers. SunSource. a coalition of ethanol 
producers and a technology company, is licensing a system that can be 
installed in new plants or retrofitted to existing ones (Walker). The tech- 
nology makes an additional coproduct available to ethanol producers, most 
likely to be used in biodiesel production. The process uses centrifuge tech- 
nology to extract the oil from the distiller's grains in the evaporation step. 
The developers of the process claim that removing the oil from the distiller's 
grains does not lower the value of the feed coproduct and makes it easier to 
handle. The process also reduces volatile organic compounds emitted from 
die dryers, an environmental bonus. 

CO2 Recovery 

Ethanol's most abundant coproduct is COj^ produced by yeast in about the 
same proportion as ethanol itself. Only about 25 U.S. plants find uses for 
the gas (Lynn Grooms in BioFuels Journal, 2005b); the other plants, 
because of the low commercial value of CO2, simply vent it into the air. 
Most CO2 sold commercially is used in soft drinks and food processing, 
while other uses, such as water treatment, welding, chemical processing, 
refrigerants, and hydroponics, consume some of the remainder. 
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Another approach would be to find new uses for the gas, raising its value 
and expanding the market. One experiment uses COj to enhance the 
recovery of oil from depleted oilfields. The gas is pumped into the oil 
production zones, forcing residual oil to the surface. If successful, the tech- 
nique could greatly expand the market for CO2. 

A number of experiments with COj are taking place at the basic science level 
(Bothast). One idea, successful at that level, is to turn the gas into ethanol or 
other fuel. However, the techniques are not yet commercially viable. 

Bioconversion offers hope for increased COj exploitation. Through biolog- 
ical processes, it turns organic materials into usable products or energy. In 
com ethanol production, the possibility of bacterial bioconversion of CO2 
into fuel (e.g., ethanol or methanol) is under study. 

Stiilage Clarification and Other Uses 
of Membranes 

Membrane separation is now used in dry mills to treat incoming boiler 
water and in wet mills to clarify dextrose. Based on the molecular size of 
the particles permitted to pass through, membranes are classified as reverse 
osmosis, nanofiltration, ultrafiltration, or microfiltration. They are made of 
various materials, including organic polymer, ceramics, and stainless steel. 

Membranes were once thought promising for removing the last of the water 
from ethanol — the portion left by ordinary distillation— as processors 
looked for substitutes for hazardous materials like benzene that were then 
used for that purpose. In plants built today, however, the drying part of 
ethanol production is done with molecular sieves. 

Membrane systems are used in industry to separate, clarify, and concentrate 
various feed streams and are most efficient when used on dilute broths. In 
the future, they may be used to reduce the cost of production through recov- 
ering and purifying minor components of the ethanol product stream. The 
recovery of lactic acid and glycerol from thin stiilage is an application of 
this research that may soon be conmiercially viable. Com oil and zein, a 
protein, are also potentially recoverable (Kwiatkowski and Cheryan). 
Researchers think membranes can be useful in continuous (though not in 
batch) reactors (Escobar et al.). 

Biorefinery 

One definition for a biorefinery is **a facility that integrates bioraass conver- 
sion processes and equipment to produce fuels, power, and value-added 
chemicals from biomass." The concept is a bit like wet milling, but with 
more coproduct possibilities. Com or another feedstock might be decom- 
posed and recombined into a number of products other than, or in addition 
to. ethanol. Some of the products might be high- value, low- volume ones, 
outside the traditional ethanol market, that could supplement a plant's 
primary, lower value product line. 
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Extraction of Compounds from DDGS 



The biorefinery concept meshes with a new area of research known as func- 
tional foods or niitraceuticals. Two categories of functional foods, dietary 
fibers and oligosaccharides, can be derived from grains. 

Several Canadian companies and some universities are experimenting with 
extracting new coproducts from the distiller's grains generated from alterna- 
tive feedstocks. Examples include cosmetics from oat derivatives, phenolic 
avenanthramides (useful in low-density liproprotein resistance to oxidation) 
from oats and wheat, and beta-glucan, a fiber-type complex sugar derived 
from yeast, oats, and barley fiber and useful in reducing cholesterol. 

A biorefinery may also yield purified proteins used as human food or in 
industrial processes. A potentially recoverable coproduct is zein, a com 
protein that can be used in adhesives and in coatings for pharmaceuticals 
and packaging materials because of its good water- vapor barrier properties. 
ARS scientists are working to develop a cost-effective way to recover zein 
from the milling stream, potentially making its use more conmion. 

Corn Fiber Oil Recovery 

Cora fiber is a byproduct of com wet milling and may be a future product 
of dry milling. ARS has been developing methods to obtain enriched 
protein, starch, and fat from corn fiber. Com fiber is also a source of com 
fiber oil, a valuable dietary supplement that contains high levels of choles- 
terol-lowering and antioxidant phytosterols. Com fiber can also be recov- 
ered by other means, such as the quick-fiber technique. Its economical 
recovery could give ethanol production another valuable coproduct line. 
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Regional Impacts of 
Ethanol Plants 



Ethanol production holds promise for rural communities that hope to add 
value to locally produced com. A new ethanol plant is seen as a way to 
create jobs and revitaUze the local rural economy. Such scenarios seem 
more likely with widely dispersed, smaller scale plants — the kind that could 
spring up to service small specialty markets with an unusual coproduct or to 
take advantage of a local feedstock or other regional characteristic. 

In the future, corn-processing facilities may be able to recover special 
healthful elements. One example might be proteins recovered from the 
process stream by ultrafiltration and made available as food. 

Minor producers may take advantage of discard items like soft drinks or 
candy past their expiration date or other unusual sources of feedstock. Two 
cheese plants in California produce ethanol and at the same time solve a 
disposal problem by using the whey — ^generally regarded as waste — as a 
feedstock. Cheese whey contains lactose that, if not femented, may require 
special processing at the cheese plant to avoid extra charges for municipal 
water-disposal treatment. 

Some ethanol producers take advantage of their location to reduce production 
costs by selling coproducts otherwise too bulky to transport, such as steep- 
water. Or they save by avoiding drying, for instance, by feeding their wet 
distiller's grains to cattle or even fish. Others may sell COj, or may at least 
capture some value from it by using it in greenhouses to boost plant growth. 

With the development of commercial cellulosic techniques, ethanol 
producers may actually be paid to take away material that they can use for 
feedstock — ^for instance, waste from other production systems or even 
municipal garbage. 

Other potential niche markets may use animal waste. One current USDA 
research project seeks to exploit the advantages of co-location (of an ethanol 
plant and poultry farms) by generating electric power and steam for ethanol 
production from chicken litter. Coproduction of power and steam fix)m a 
waste stream is being developed in another USDA project. 

Many ethanol facilities recently opened or under construction are farmer 
owned and dispersed across rural areas. Farmers expect the completion of 
an ethanol plant in the area to increase the local corn price. McNew and 
Griffith examined the impact on local com prices of opening 12 ethanol 
plants and found that, on average, price per bushel rose 12.5 cents at die 
plant and that some price response was detected 68 miles from the plant. ^ 

New rural ethanol plants also provide employment. Though die plants need 
fewer employees than they would have just a few years ago when the 
industry was using less labor-saving technology, the U.S. Department of 
Energy (DOE) estimates that ethanol production is responsible for 40,000 
jobs and $1.3 billion in increased annual household income. 



^ McNew and Griffith have also 
established a Web site at Montana 
State University that shows how corn 
prices are impacted by the opening of 
an ethanol plant {BioFitels Journal^ 
2003a). The site allows the user to 
investigate a small, medium, or large 
plant and displays the results graphi- 
cally in map format. The impacts are 
based on econometric work by the 
authors. The tool, called the "Ethanol 
Plant Analyzer A GIS-Driven Tool for 
Assessing Ethanol Feasibility," can be 
found at http://extensionecon. 
msu>mon tana.edu/eplantanalyzer/ 
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National Benefits from Etiianoi 



Ethanol produced in the United States displaces imported foreign oil and 
creates domesdc economic activity. Gallagher et al. (2000) estimate ttiat the 
current program results in a $400-million net gain in overall social welfare. 
More domestic production, which is likely with an MTBE phaseout, would 
result in additional gain. 

With ethanol production of 3.41 billion gallons in 2004, 143.3 million fewer 
barrels of oil were needed, about 4.5 percent of annual U.S. use 
(Urbanchuk). A 10-percent mixture of E-10 reduces petroleum use by 6 
percent, greenhouse gas emissions by 1 percent, and fossil energy use by 3 
percent (Wang et al). 

Increased biomass production would also change the picture. Gallagher and 
Johnson focus primarily on the benefits of a developed biomass-to-ethanol 
industry. Assuming an industry based on com stover, the largest single 
source of biomass. they conclude that U.S. welfare would increase (a) 
because of the expanded fuel supply and (b) because the oligopoly effects of 
pricing by the Organization of Petroleum Exporting Countries (OPEC) 
would be mitigated. A biomass-to-ethanol industry, based on sometiiing like 
switchgrass, could add to farmers' product line and "could significantly 
increase profits for the agricultural sector" (De La Torre Ugarte et al). 
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Biomass: Ethanol's Future? 



Though com has been the feedstock of choice in the United States, ethanol 
potentially can be made from any starch, sugar, or cellulosic feedstock. In 
fact, ethanol has been created from a variety of grains and from grass and 
sti'aw, wood fibers, and sugarcane. Though ethanol production from com 
has become more efficient, some experts see it as a technology that has 
already matured, with any significant reduction in production costs unlikely 
(DiPardo). Substantial cost reductions may be possible, experts believe, if 
cellulose-based feedstocks are used instead of corn. One industry publica- 
tion editorializes: "Ultimately, if renewable automotive fuel becomes 
economical in the United States it will have to be made from lignocellulosic 
biomass" (Industrial Bioprocessing). 

In the end, biomass-to-ethanol production may be attractive because 
biomass would cost less than com. In addition, selling the feed coproducts 
from com ethanol may become burdensome. As com ethanol production 
increases, an inevitable result of dry-mill expansions, more feed coproducts 
will find their way into the market and drive down prices for DDGS, 

The vision of cellulosic conversion is not yet commercial reality, however, 
due to difficulties inherent in turning biomass into ethanol. Because the 
cellulose and fermentable portions of woody biomass are tightly bound 
together, reseai'chers have had to focus on the problem of pretreatment and 
hydrolysis. The necessary chemical conversion can take place using acids or 
enzymes, but, to be commercially viable, costs must be brought down. 
USDA and the U.S. Department of Energy are funding projects that have 
this aim. Also, many of the sugars making up cellulosic feedstocks 
(composed of cellulose and hemiceilulose) are not readily convertible to 
ethanol by ordinary yeast. 

Researchers have not settled on the cost of producing ethanol from biomass 
because ethanol is not yet being produced this way. A joint project by the 
USDA and DOE estimated the unit cost at a 25-million-gallon per year 
(MMgy) plant to be $1.50 per gallon (1999 dollars) (McAloon et al). 
Though some researchers put this figure lower, at $1.16-$1.44 per gallon 
(Wooley et al.), recent estimates of the cost of conmiercial cellulose collec- 
tion ($40-$50 per ton) and capital outlays (over $6 per gallon of annual 
capacity) make the likely cost higher. A consideration for new facilities will 
be the one-of-a-kind expense associated with setting up the first working 
biomass-to-ethanol plants (e.g., scaleup and development costs). In its 
$L50-per-gallon estimate, the USDA/DOE study assumed these costs had 
already been incurred. 

Cellulose to Ethanol: The Process 

In the same way that starch from com must be hydrolyzed and saccharified 
(decomposed further into simple sugars) before it can be fermented, cellu- 
lose must fu-st be converted to sugars before it is fermented and turned into 
ethanol. Cellulosic feedstocks are more difficult than com to convert to 
sugar. Cellulose can be converted by dilute acid hydrolysis or concentrated 
acid hydrolysis, both of which use sulfuric acid. Hydrolysis can also be 
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achieved with enzymes or by other new techniques, including countercur- 
rent hydrolysis or gassification fermentation. 

Cellulosic hydrolysis produces glucose and other six-carbon sugars 
(hexoses) from the cellulose and five-carbon sugars (pentoses) from hemi- 
cellulose. The non-glucose (carbon) sugars must be fermented to produce 
ethanol, but are not readily fermentable by Saccharomyces cerevisia, a 
naturally occurring yeast. However, they can be converted to ethanol by 
genetically engineered yeasts, though the process is not yet economically 
viable (DiPardo). 

Supplying Biomass 

Some research has centered on converting the cellulosic portion of the com 
kernel. Many of the researchers in this effort initially believed that cellulosic 
conversion could begin with the cellulose in the current feedstock stream 
(com) and proceed to com husks, and then to com stover, before they finally 
extended their research to include other sources of cellulose. A second line 
of research has centered on converting cellulosic biomass directly into 
ethanol from noncom sources such as small-diameter trees and switchgrass. 
Further research has focused on converting cellulose after it has entered the 
waste or coproduct stream, through steam explosion, for example. 

If converting biomass to ethanol can be made economically attractive, the 
potential feedstocks are myriad. They include agricultural waste, municipal 
solid waste, food processing waste, and woody biomass from small-diam- 
eter trees. Agronomic research is underway on improving dedicated-energy 
crops such as hybrid willow, hybrid poplar, and switchgrass (DiPardo). One 
project looks at genetic improvement of switchgrass to optimize its conver- 
sion. Grasses grow quickly, of course, while tree crops such as willow 
require a 22-year rotation, with the first harvest in year 4 and subsequent 
harvests every 3 years thereafter. Hybrid poplar trees require 6-10 years to 
reach their first harvest, 

Biomass from crop residue can be a source of farm profits,, and with appro- 
priate steps, its use in ethanol conversion can be environmentally friendly. A 
USDA study by Gallagher et al. (2003) concluded that crop residues are the 
cheapest prospective source of fuel for the U.S. market, with the energy 
potential to displace 12.5 percent of petroleum imports or 5 percent of elec- 
tricity consumption. 

Biomass Byproducts: Problems with Acid 
and High Temperatures 

The dilute acid and concentrated acid hydrolysis used in biomass-to-ethanol 
conversion produce byproducts that either must be disposed of or that 
require recycling of sulfuric acid. In addition, the high temperatures 
required take a toll on the sugars and thus on the ethanol yield (DiPardo). 
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Potential Solutions to Acid and Heat Problems 



Coiintercurrent Hydrolysis — Advances in biotechnology could reduce 
conversion costs substantially. The National Renewable Energy Laboratory 
(NREL) presents countercurrent hydrolysis as a new pretreatment. The 
process uses steam to hydrolyze most of the hemicellulose. In a second, 
hotter, stage, dilute sulfuric acid hydrolyzes the rest of the hemicellulose 
and most of the cellulose. NREL researchers believe the countercurrent 
hydrolysis process offers more potential for reducing costs than the dilute 
sulfuric acid process. They estimate that it will increase glucose yields and 
permit a higher fermentation temperature, resulting in an increased yield of 
ethanol. They have achieved glucose yields of over 90 percent in experi- 
ments with hardwoods (NREL, 2004). 

A New Approach — While acknowledging that a cellulose-to-ethanol 
industry is in its infancy, Tembo et al. attempt to determine parameters that 
would define a regional (Oklahoma) biorefinery industry. The authors assess 
alternatives for future production, positing a gassification-fermentation tech- 
nique that uses neither traditional acid nor enzymatic hydrolysis. Lignocel- 
lulosic biomass can be gassified, they say, in fluidized beds to produce 
"synthesis gas." The gas can then be converted by anaerobic bacteria to 
ethanol. Advantages to such a lignocellulosic system include a theoretically 
lower cost than for com ethanol and the potential to use multiple perennial 
feedstocks, with supposedly less environmental impact than com use. The 
researchers caution that the process is at the bench level and is not yet 
commercially available. 

Enzymatic Hydrolysis— NREL believes that the greatest potential for 
ethanol production from biomass lies in enzymatic hydrolysis of cellulose. 
Advances in biotechnology may eventually make the technique possible 
through the use of genetically engineered bacteria and may also permit the 
fermentation of the pentoses. 

Reducing Enzyme Costs 

The use of enzymes in biomass-to-ethanol conversion will require reduc- 
tions in the cost of producing cellulase enzymes, along with an increased 
yield in the conversion of nonglucose sugars to ethanol. The enzyme cellu- 
lase, akeady used in industry, replaces sulfuric acid in the hydrolysis step. 
Higher sugar yields are possible because the cellulase can be used at lower 
temperatures (Cooper). NREL reports that recent process improvements 
allow simultaneous saccharification and fermentation, with cellulase and 
fennenting yeasts working together so that sugars are fennented as they are 
produced. NREL estimates that cost reductions could be four times greater 
for the enzyme process than for the concentrated acid process and three 
times greater than for the dilute acid process. 

In speaking of both com stover and forest product waste, Industrial Biopro- 
cessing writes, "The big stumbling block in manufacturing ethanol from 
biomass is the cost of hydrolyzing cellulose into fermentable sugar." To 
speed the quest for cheaper ways of using enzymes to convert biomass to 
etiianol, DOE funded research by two commercial enzyme companies. 
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Novozymes and Genencor International Inc. Cellulase enzymes were 
recently reported to cost 45 cents per gallon of finished ethanol, making 
them too expensive for conmiercial use (NREL, 1998). NREL estimated that 
the cost could be reduced to less than 10 cents with scaled-up production. In 
fact, Novozyme recently announced that its researchers have successfully 
completed this project and have reduced the enzyme costs to 10-18 cents 
per gallon of ethanol produced (Susan Reidy in BioFuels Journal, 2005a). 

Other Biomass-to-Ethanol Improvements 

NREL estimates that, in addition to reduced costs of enzyme conversion, 
improvements in acid recovery and sugar yield for the concentrated acid 
process could save 4 cents per gallon and that process improvements for the 
dilute acid technology could save about 19 cents per gallon. 

Considerable success in cellulosic conversion has akeady been achieved at 
the experimental level. Depending on the prices of alternatives and the 
success of current scaleup efforts, commercial viability may be possible in 
the near term. A Canadian firm, logen Corporation, in partnership with the 
Canadian Government, has demonstrated a process that turns wheat straw 
into fermentable sugar. 



25 

New Technologies in Ethanol Production, AER-842 
Office of Energy Policy and New Uses, USDA 



Conclusions: Ethanol's Potential 



In keeping with USDA*s early estimates of the savings to come, the cost of 
ethanol production has indeed fallen. Though improvements in process opti- 
mization and technology have been important, the fluctuating prices of 
inputs such as com, the price of energy alternatives, and even environmental 
developments such as a drop in MTBE use, play larger roles in the fortunes 
of the industry. 

Ethanol production is becoming a mature industry, with savings in the next 
10 years likely to be smaller than those of the last 10-15 years. 

Some developments, such as dry fractionation technology — soon to be 
coiimiercially employed— may alter the structure of the industry by giving 
an edge to the less capital-intensive dry-mill method. This advantage for dry 
milling may make it easier to build smaller plants that are cost competitive, 
and local farmer cooperatives could flourish as a result. 

Promising areas to be exploited by new technology include coproduct 
development, cellulosic conversion, and niche markets. The recovery of 
high-value food supplements may reduce financial risk by giving the 
industry an outlet outside the capricious energy market. Continued high oil 
prices may spur the risk-taking necessary to overcome the initial scaleup 
and development costs of cellulose-to-ethanol production. Niche markets 
that take advantage of locally available feedstocks, that have local outlets 
for coproducts, or that produce unique coproducts may also contribute to 
the industry's growth. 
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eihanol currently produced from com? 

In the United States, ethanol is produced primarily 
from starch in corn kernels. Most of the 4 billion 
gallons of ethanol produced in 2005 came from 13% 
of the U.S. corn crop (1.43 billion bushels of corn 
grain). When corn is harvested, the kernels make up 
about half of the above-ground biomass, and corn 
stover (e.g., stalks, leaves, cobs, husks) makes up the 
other half. 

Ethanol production from corn grain involves one of 
two different processes: Wet milling or dry milling. In 
wet milling, the corn is soaked in water or dilute acid 
to separate the grain into its component parts (e.g., 
starch, protein, germ, oil, kernel fibers) before 
converting the starch to sugars that are then 
fermented to ethanol. In dry milling, the kernels are 
ground into a fine powder and processed without 
fractionating the grain into its component parts. Most 

http://genomicsgtl.energy.gov/biofuels/ethanolproduction.shtml 
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ethanol comes from dry milling. Key steps in the dry mill ethanol-production 
process include: 

1. Milling. Corn kernels are ground into a fine powder called "meal." 

2. liquefying and Heating the Commeal. Liquid is added to the meal to 
produce a mash, and the temperature is increased to get the starch into a 
liquid solution and remove bacteria present in the mash. 

3. Enzyme Hydrolysis. Enzymes are added to break down the long 
carbohydrate chains making up starch into short chains of glucose (a simple 
6-carbon sugar) and eventually to individual glucose molecules. 

4. Yeast Fermentation. The hydrolyzed mash is transferred to a 
fermentation tank where microbes (yeast) are added to convert glucose to 
ethanol and carbon dioxide (CO^). Large quantities of CO^ generated during 

fermentation are collected with a CO^ scrubber, compressed, and marketed 

to other industries (e.g., carbonating beverages, making dry ice). 

5. Distillation. The broth or "beer" produced in the fermentation step is a 
dilute (10 to 12%) ethanol solution containing solids from the mash and yeast 
cells. The beer is prnnped through many columns in the distillation chamber 
to remove ethanol from the solids and water. After distillation, the ethanol is 
about 96% pure. The solids are pumped out of the bottom of the tank and 
processed into protein-rich coproducts used in livestock feed. 

6. Dehydration. The small amount of water in the distilled ethanol is 
removed using molecular sieves. A molecular sieve contains a series of small 
beads that absorb all remaining water. Ethanol molecules are too large to 
enter the sieve, so the dehydration step produces pure ethanol (200 proof). 
Prior to shipping the ethanol to gasoline distribution hubs for blending, a 
small amount of gasoline (-'5%) is added to denature the ethanol making it 
undrinkable. 

How is ethanol produced from cellulosic biomass? 

Conversion of cellulosic biomass to ethanol is less productive and more expensive 
than the conversion of corn grain to ethanol. Cellulosic biomass, however, is a less 
expensive and more abundant feedstock than corn grain; more efficient processing 
is needed to take advantage of this plentiftd and renewable resource. The 
structural complexity of cellulosic biomass is what makes this feedstock such a 
challenge to break down into simple sugars that can be converted to ethanol. 

Most plant matter consists of three key polymers: Cellulose (35 to 50%), 
hemicellulose (20 to 35%), and lignin (10 to 25%). These polymers are assembled 
into a complex, interconnected matrix within plant cell walls. See Understanding 
Biomass: Plant Cell Walls for an illustrated description of plant cell-wall structure. 
Cellulose and hemicellulose are carbohydrates that can be broken down into 
fermentable sugars. The cellulosic and hemicellulosic portions of plant biomass 
are processed separately because they have different structures and sugar content. 
Cellulose consists of long chains of glucose molecules (simple 6-carbon sugars) 
arranged into a solid, three-dimensional, crystalline structure. Hemicellulose is a 
branched polymer composed primarily of xylose molecules (simple 5-carbon 
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carbohydrate and cannot be converted into ethanol. 

Efficiently separating and breaking down the different polymers in cellulosic 
biomass is an important challenge that is not an issue for corn ethanol production. 
One multistep process for converting cellulosic biomass to ethanol is outlined 
below. See Ap plying Genomics for New Energy Resources: From Biomass to 
Cellulosic Ethanol for an illustrated description of key steps in the conversion 
process. 

1. Mechanical Preprocessing. Dirt and debris are removed from incoming 
biomass (e.g., bales of corn stover, wheat straw, or grasses), which is shred 
into small particles. 

2. Pretreatment. Heat, pressure, or acid treatments are applied to release 
cellulose, hemicellulose, and lignin and to make cellulose more accessible to 
enzymatic breakdown (hydrolysis). Hemicellulose is hydrolyzed into a 
soluble mix of 5- and 6-carbon sugars. A small portion of cellulose may be 
converted to glucose. If acid treatments are used, toxic by-products are 
neutralized by the addition of lime. Since cellulose biomass can come from 
many different sources (e.g., grasses, wheat straw, corn stover, paper 
products, hardwood, softwood), a single pretreatment process suitable for all 
forms of biomass does not exist. 

3. Solid-liquid Separation. The liquefied syrup of hemicellulose sugars is 
separated from the solid fibers containing crystalline cellulose and lignin. 

4. Fermentation of Hemicellulosic Sugars. Through a series of 
biochemical reactions, bacteria convert xylose and other hemicellulose 
sugars to ethanol. 

5. Enzyme Production. Some of the biomass solids are used to produce 
cellulase enzymes that break down crystalline cellulose. The enzymes are 
harvested from cultured microbes. Purchasing enzymes from a commercial 
supplier would eliniinate this step. 

6. Cellulose Hydrolysis. The fiber residues containing cellulose and lignin 
are transferred to a fermentation tank where cellulase enzymes are applied. 
A cocktail of different cellulases work together to attack crystalline cellulose, 
pull cellulose chains away from the crystal, and ultimately break each 
cellulose chain into individual glucose molecules. 

7. Fermentation of Cellulosic Sugars (Glucose). Yeast or other 
microorganisms consume glucose and generate ethanol and carbon dioxide 
as products of the glucose fermentation pathway. 

8. Distillation. Dilute ethanol broth produced during the fermentation of 
hemicellulosic and cellulosic sugars is distilled to remove water and 
concentrate the ethanol. Solid residues containing lignin and microbial cells 
can be burned to produce heat or used to generate electricity consumed by 
the ethanol-production process. Alternately, the solids could be converted to 
coproducts (e.g., animal feed, nutrients for crops). 

9. Dehydration. The last remaining water is removed from the distilled 
ethanol. 

What are key biological barriers to cellulosic ethanol 

http://genomicsgtl.energy.gov/biofuels/ethanolproduction.shtml 11/21/2007 
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production? 

Compared to cornstarch ethanol production, several factors make cellulosic 
ethanol production more costly and less efficient. One important barrier is lower 
sugar yields due to the heterogeneous and recalcitrant nature of cellulosic 
biomass. More effort is needed to pretreat and solubilize hemicellulose and 
cellulose because they are locked into a rigid cell-wall structure with lignin. 
Harsher thermochemical pretreatments generate chemical by-products that 
inhibit enzyme hydrolysis and decrease the productivity of fermentative microbes. 
The ciystallinity of cellulose also makes it more difficult for aqueous solutions of 
enzymes to convert cellulose to glucose. 

Another barrier is the mix of sugars generated from hemicellulose hydrolysis. 
Microorganisms that can ferment both 5- and 6-carbon sugars exist, but they have 
lower production rates and exhibit less tolerance for the end-product ethanol. 
Broth produced from a mix of 5- and 6-carbon sugars is about 6% ethanol instead 
of 10 to 14% ethanol produced from cornstarch glucose fermentation. 

Overcoming these and other barriers will require a more complete understanding 
of several biological factors that impact the conversion process: 

• Understanding what aspects of plant cell-wall structure and composition 
make some plant materials easier to break down than others. 

• Investigating regulatory mechanisms that control cell-wall synthesis so that 
new bioenergy crops optimized for efficient biomass breakdown can be 
developed. For example, minimizing lignin content would improve enzyme 
access to cellulose during the hydrolysis step, thus increasing sugar yields. 

• Surveying natural microbial communities to discover and analyze a more 
diverse range of enzymes that can break down cellulose, hemicellulose, and 
lignin. Perhaps novel enzymes capable of breaking down lignin and 
hemicellulose could be used to reduce the severity and improve the 
effectiveness of pretreatment. 

• Creating new enzyme mixtures and analyzing their collective activities to 
determine the best combinations needed for rapid and complete breakdown 
of different components of biomass. 

• Identifying the many genes that determine the most-desirable traits for ' 
fermentative microbes and understanding how these genes are regulated. 
Some of these traits include tolerance of higher ethanol concentrations, 
improved uptake and conversion of all sugars generated from biomass 
hydrolysis, elimination of unnecessary metabolic pathways, and achieving 
optimal fermentation productivity at higher temperatures to prevent 
contamination. Identifying these genes and understanding how they are 
controlled will be critical to developing the ideal fermentative microbe that 
possesses all these traits. 

• Integrating all hydrolysis and fermentation steps into a single microbe or 
stable mixed culture to streamline the entire process and reduce costs. 

How can GenomicssGTL improve production of cellulosic 
ethanol and other hiofuels? 
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Genomics:GTL (GTL) will provide systems-level biological investigations needed 
to rapidly develop new crops designed for bioenergy applications and to determine 
genetic makeup and functional capabilities of such microbial communities 
involved in biomass decomposition and sugar fermentation. Some advanced 
systems biology capabilities that GTL can provide include: 

• Using advanced sequencing capabilities at DOE's Joint Genome Institute to 
sequence and analyze the genomes of crop plants, fermentative microbes, 
and microbial communities involved in biomass decomposition and soil 
productivity. 

• High-throughput analysis of genes and proteins expressed by plants and 
microbes used to produce cellulosic ethanol and characterization of the 
conditions and regulatory systems that control expression. 

• Comprehensive analysis of metabolites in plants and microbes to model 
cellular metabolism and define metabolic pathways relevant to biomass 
breakdown or ethanol fermentation. 

• State-of-the-art imaging technologies covering a wide range of spatial scales 
to track enz5niies in cells and elucidate molecular structure of plant cell walls. 

• Advanced computational tools that will integrate large quantities of diverse 
biological data and develop predictive computer-based models of plant and 
microbial systems. 

Related Links 

Overview of U.S. Eihanol Industry 

• Annual Indus tr y Outlook . Renewable Fuels Association 

Ethanol Production from Com 

• How Ethanol Is Made . Renewable Fuels Association 

• How Is Ethanol Made? American Coalition for Ethanol 
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• ABCs of Biofuels . U.S. DOE Office of Energy Efficiency and Renewable 
Energy Biomass Program 

• Cellulose Ethanol Process Overview . logen Corporation 
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• Ending the Energv Stalemate: A Bipartisan Strategv to Meet America's 
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